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INTRODUCTION
While the typical astronomer observes the objects in the sky by their electromagnetic radia-
tion, such as visible light, an astroparticle physicist measures particles, such as atomic nuclei
or neutrinos, connected with astronomical objects. While the typical particle physicist relies
on man-made machines to generate the particles of interest in well-defined collisions, an as-
troparticle physicist needs astronomical objects to deliver the particles even without knowing
in detail how they are accelerated. As the name suggests, the field of astroparticle physics
is therefore in-between both disciplines. Regardless of the recent trend towards an increased
interdisciplinarity in research, mostly driven by the funding agencies, the field of astroparticle
physics, or more precisely the study of cosmic rays, has been such an interdisciplinary field
from the beginning. Thereby alternatingly leaning more to one or the other side in its more
than 100 years’ history.
Cosmic rays, charged particles propagating through the Universe, are a natural phenomenon
that has yet to be fully understood. Some cosmic rays reach energies that are presently
unattainable by human technology, thereby creating particle physics that cannot be recreated
in a laboratory setting. They have to stem from astronomical objects that belong to the most
violent objects known in the universe, which are popular targets for astronomical research.
The more information we extract about the cosmic rays, their nature and their interactions, the
more we learn on the one hand about astronomical objects and on the other hand about particle
interactions at the highest energies.
Cosmic rays of significant energy create extensive air showers when impinging onto the
atmosphere, which are cascades of secondary particles that are measurable on Earth. Mea-
suring the radio emission of air showers has been predicted to be a good tool to extract more
information about these cosmic rays. The technique has been known for over 50 years, but
technology had to catch up with the scientific needs in order to allow for proof-of-principle
experiments to be built. Currently, the Auger Engineering Radio Array (AERA) and the Low-
Frequency Array (LOFAR) are the two leading experiments investigating the radio emission
of air showers. Their data is the benchmark to test models of the radio emission and deliver
experimental proof of the ability to extract detailed information about the nature of the cosmic
rays.
This thesis deals with the radio emission from air showers from the perspective of both,
AERA and LOFAR. During the research for this thesis, both experiments measured their first
air showers through radio emission and went from being built and commissioned to regular
observations of air showers. With less than four years of data-taking and analysis significant
progress has been made in the understanding of the characteristics of the radio emission of air
showers, with respect to its creation as well as to its detection perspectives.
This thesis is organized as follows: After an introduction about cosmic rays, air showers
and especially the relevant radio emission in chapter 1, the two observatories LOFAR and the
Pierre Auger Observatory, which hosts AERA, are described (chapter 2). This description is
followed by a discussion of the methods of data-analysis. Part of the research leading to this
thesis was the development of the reconstruction software for LOFAR and a contribution to
the analysis framework for AERA. In chapter 4 measurements of the radio background at the
observing sites are described. These preparatory or accompanying measurements are essential
for conducting and understanding the radio measurements, given the increasing amount of
man-made interference. Chapter 5 discusses the properties of the measured air showers and
the features of the data-sets in general. A special emphasis is given to the higher frequencies
observed with LOFAR. This is then followed by the construction of a parameterization of the
radio emission pattern as measured at ground level (chapter 6). Such a parameterization, in
the form of the lateral distribution function, is the standard tool for air shower experiments
employing particle detectors. A suitable parameterization for the radio emission has long been
searched for. The applicability of this parameterization is shown on LOFAR data (chapter 7)
and AERA data (chapter 8).
CHAPTER 1
COSMIC RAYS AND EXTENSIVE AIR
SHOWERS
In the early days of cosmic-ray studies, cosmic rays were mostly used as a laboratory for
particle physics. A number of new particles were discovered in the cosmic radiation [1, 2, 3].
With the succeeding development of human made accelerators the focus of cosmic ray science
shifted towards the highest energies, which are still unreachable by accelerators on Earth.
Also, the question about the origin of the cosmic particles has yet to be answered. Despite a
hundred years of advances in technology, ultra-high energy cosmic rays remain a phenomenon
that can neither be measured to its fullest extent nor can it be recreated on Earth.
1.1 Cosmic Rays
In its most general meaning, cosmic ray refers to any type of particle that has its origin in an
astronomical object and is of such high energy that it can be measured away from its origi-
nating object. The term is mostly used only for charged particles. This will also be the case
in this thesis. The term sometimes also refers to neutrinos and photons, as soon as the latter
are of considerable energy (γ-rays) and interact in the atmosphere. In addition to their particle
type, cosmic rays are characterized by their energy and their arrival direction.
1.1.1 Energy Spectrum
Cosmic rays are measured with a decreasing flux over several decades of increasing energy.
At the lower energies (E < 1012 eV), every second more than hundred cosmic rays can be
measured in a square meter. However, the atmosphere is not transparent for cosmic rays. They
will interact in the atmosphere and can therefore not directly be measured at the ground. Since
the flux is large enough at the lower energies, cosmic rays are measured directly, at the top of
the atmosphere with satellites and balloons, e.g. [4, 5, 6, 7].
At higher energies (E > 1012 eV) the fluxes get too low to gather sufficient event statistics
with direct measurements. At (E ∼ 1015 eV) the flux has already dropped to about one particle
per square meter per year [8]. The only way to obtain sufficient statistics at these energies is
4 Chapter 1. Cosmic Rays and Extensive Air Showers
E [eV]
1510 1610 1710 1810 1910 2010 2110 2210
]2
 
eV
-
1
 
sr
-
1
 
s
-
2
 
J(E
) [
m
⋅
 3 E
2310
2410
2510
Pierre Auger Coll. (2013)
HiRes I (2007)
HiRes II (2007)
KASCADE Grande (2012)
KASCADE (2005)
IceTop (2013)
Figure 1.1: The energy spectrum of cosmic rays. Left: Overview of the full measured energy spectrum
[14]. The overall smoothness and the steep fall-off of the spectrum can be observed. Right: The high
energy end of the cosmic ray energy spectrum, starting at above the knee. The flux has been multiplied
with the energy to the power of three to make the spectral features better visible. Several features is the
spectral slope deviating from an index of three can be observed. Data taken from [15],[16],[17], [18].
to use the atmosphere as detector. One can either observe the atmosphere from a satellite
and monitor it for interactions [9] or employ large ground arrays that measure the remains of
the interaction of the primary cosmic ray with the atmosphere, e.g. [10, 11, 12]. The known
energy spectrum of cosmic rays comes to a steep end at about (> 1020 eV), more than seven
decades above the highest energy currently reachable by human made accelerators.
The overall cosmic ray energy spectrum is remarkably smooth as shown in figure 1.1. The
flux dN/dE can be fitted over long ranges with a power-law E−γ with a spectral index of
γ = −2.7. Inspecting the spectrum in more detail, however, reveals that the index changes
between −2.7 and −3.1, showing a number of spectral breaks, such as the knee at 1015.5 eV or
the ankle at 1018.5 eV. Additionally, the changes observed in the all-particle spectrum behave
differently for the different particle components in the spectrum [13]. This links the features in
the spectrum to discussions about possible sources, which accelerate different types of particles
to different energies, as well as to the influences of propagation in the Galactic of inter-galactic
magnetic fields.
1.1.2 Composition
At the lowest energies (< 100 MeV), the cosmic-ray flux is dominated by particles from the
Sun. At higher energies they start to be dominantly of Galactic origin. Their composition of
elements follows the total abundance of elements in the solar system [8]. The cosmic rays
are dominantly ionized hydrogen (protons) and helium nuclei. The cosmic ray abundance
only differs from the average abundance of elements in our solar system in an increase of light
elements such as Lithium, Boron and Beryllium, which are not produced in the nucleosynthesis
in stars, but are created through the spallation of heavier nuclei in cosmic rays while they travel
through the cosmic background radiation and matter distribution.
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At higher energies the identification of the type of primary particle becomes more challeng-
ing, as the particles are only measured indirectly after having interacted in the atmosphere. The
type of primary particle has to be inferred from the air shower development or the mixture of
remaining particles on the ground (see section 1.2.3), which is subject to a number of statistical
and systematic uncertainties. The current knowledge about the composition at higher energies
is shown in figure 1.2.
All methods confirm a mixed composition of particles with changing trends towards heav-
ier and lighter nuclei in the energy range > 1016.5 eV. Observed changes in the composi-
tion tend to coincide with spectral features in the energy spectrum. Somewhere in the region
around 1017 eV the transition from dominantly galactic to dominantly extra-galactic sources is
expected [19, 20]. The exact location is unknown and conflicting theories are not yet signifi-
cantly constrained by data. One could be observing the transition at the ankle, the hardening
of the spectrum above 1018 eV. This feature would be the natural indication of a mixed com-
position, changing its origin. Alternatively, the transition could occur at lower energies, by
an emerging strong proton content and the observed ankle has to be explained by a e+e−-dip
that affects the proton component [21, 22]. The e+e−-dip refers to the signature caused by the
resonant production of e+e−-pairs in the cosmic photon field.
Neutrinos and γ-rays have yet to be measured at energies exceeding the TeV range. As
by-products of the acceleration, however, neutrinos and gamma rays can directly trace the
processes in astronomical objects, delivering indications about which particles are accelerated.
The recent Ice-Cube PeV neutrino signal [23] is for example believed to carry information
about the transition region as one needs at least a factor of 20 higher energy in hadrons to
create neutrinos of PeV energies as decay products. This matches the PeV signal to cosmic
rays at around 1017 eV. If these neutrinos are, however, a cosmogenic neutrino signal, it would
be driven by collisions of cosmic rays of the highest energies with CMB photons. Predicted
energies from these processes are on average higher than the measured ones. This could be
due to the non-existence of these cosmic rays or due to decrease in flux at the higher energies
[24]. For the highest energies, there are currently only limits on the flux, as measured by the
Pierre Auger Collaboration [25].
Also, the true composition at the end of the cosmic ray energy spectrum is not yet estab-
lished and could be explained by different effects. One could be observing the natural end of
the acceleration power of the sources. In this case the composition is expected to be heavier
as heavier nuclei undergo a larger acceleration in the same sources (see section 1.1.3). If this
is not the case, the end of the spectrum has to be explained by the propagation of the cosmic
rays through the cosmic microwave background (CMB). At the highest energies an interaction
between the cosmic-ray nuclei and the CMB photons is possible with a significant interaction
cross-section [28, 29]. For protons, mostly pions are produced via the delta-resonance, the so
called GZK-effect
p+ γCMB −→ ∆+ −→ p+ pi0
−→ n+ pi+. (1.1)
The first decay should be accompanied by detectable γ-rays from the decaying pions, given
the necessary sensitivity of the γ-ray detectors. The second decay is then accompanied by a
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Figure 1.2: Composition of the cosmic rays at the end of the energy spectrum. Left: Compiled mea-
surements for several experiments at the possible transition region from galactic to extragalactic origin
[26]. This region coincides with the sensitivity of LOFAR. The upper two red lines (p) indicate predic-
tions for protons and the two lower blue lines show the predictions for iron nuclei (Fe), each for different
hadronic interaction models. The measurements are in-between the predictions, illustrating that mixed
compositions or particles of intermediate mass are measured. Right: The most recent measurement of
the Pierre Auger Collaboration [27]. The figure shows the continuation of the left side, with again the
two predictions for iron nuclei and protons. At even higher energies, the number of measured events is
too low to make a statement about the composition.
high-energy neutrino signal from the decaying charged pion. Not observing such a neutrino
signal will disfavor the GZK-effect.
Nuclei of higher mass undergo photo-desintegration with either the CMB or the infra-red
background. Both processes start to become significant at similar energies, which are close
to the observed fall-off in the spectrum. Only the observation of a fall-off therefore leaves no
indication of the type of particles that dominate the spectrum [30].
1.1.3 Propagation and Sources
Searching the sources of cosmic rays is determined by searching for objects that have the
ability to accelerate particles to a given energy. It is believed that the acceleration of parti-
cles is achieved via Fermi acceleration [31, 32]. This involves magnetic fields and magnetic
shocks, which have to accelerate particles several times, until they reach the necessary energy.
During this process the particles have to remain confined in the source. Both criteria can be
summarized following [33] as:
E ≈ 1018 eV · Z · β
2
· R
kpc
· B
µG
, (1.2)
with E being the maximally achieved energy, R the size of the source, B the strength of the
magnetic field, Z the charge of the particle and β the relativistic shock velocity. Thus, in order
to achieve higher energies the sources need to become larger or stronger magnetic fields are
required.
1.1. Cosmic Rays 7
1012 G
106 G
10−6 G
1 km 106 km
1 AU
1 pc 1 kpc 1 Mpc 1 Gpc
Radio galaxy
Galactic halo
SNRs
GRBs
AGNs
Neutron stars
White dwarfs
Sun spots
LHC
TEVATRON
SppS
Interplanetary
Size
M
ag
n
et
ic
fie
ld
st
re
n
gt
h
10 12
eV
10 20
eV
iron
10 20
eV
proton
Magnetic
IGM
Galactic disk
1 G
Galactic
cluster
stars
space
Figure 1.3: The Hillas Plot. The figure shows which potential astronomical sources are able to accel-
erate particles to the highest detected energies of 1020 eV, assuming they contain shocks with velocity
β = 1. The figure illustrates that sources have to fulfill a combined criterion of source extension, mag-
netic field strength and charge of the particle that is accelerated. It also shows the energy that current
accelerators can deliver. The figure is based on equation 1.2.
For energies around 1015 eV typical candidates are supernova remnants [34]. They are large
enough to contain particles and also provide the necessary shock waves. No direct correlation
of the arrival direction has been measured, mostly due to the deflection of the propagating
particles in the Galactic magnetic field. Indirect observations of γ-rays as by-products of
the accelerations have, however, strengthened their status as candidates [35]. Other possible
sources at this energy are pulsar wind nebulae or X-ray binaries [36]. At higher energies
the sources are essentially unknown. There are only few sources that theoretically fulfill a
sufficient combination of the size and magnetic field criterium, as shown in figure 1.3. In this
figure, the potential sources are classified according to their magnetic field strength and size,
and thereby their power to accelerate particles. Only few sources reach the lines that indicate
the required acceleration power.
Searches for sources are hindered by the fact that charged cosmic rays are deflected in
the magnetic fields while propagating from their sources to Earth. In the same way that their
acceleration in sources is a function of charge, magnetic field strength, and size of the source,
so is their deflection angle. The larger the distances the particles propagate and the stronger
the magnetic fields, the further they will be deflected from their original trajectory. The angle
ϑ at which they will be deflected depends on the charge-momentum ratio with
ϑ ∼ q ·B · d
p
, (1.3)
where q is the charge, B the magnetic field, d the propagation distance and p the relativistic
impulse, which does not depend much on the mass of the particle. The deflection angle is
therefore significantly different between the two extreme cases of iron nuclei (Z = 26) and
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Figure 1: Proton attenuation length vs. energy.
have similar intrinsic CR luminosities and spectra, one finds that the fraction of
the events observed above a given energy threshold which originated in sources
farther than a distance D is just
F (Eth, D) =
∫∞
D dx A(Eth, x)∫∞
0 dx A(Eth, x)
. (4)
Since we will be interested in threshold energies above 50 EeV, cosmological
effects due to the Universe’s expansion or to source evolution are negligible.
This implies that the effects of the inverse square distance reduction of the
fluxes from each source and the increase in the number of sources with distance
compensate each other, leaving just the simple integrals in eq. (4).
The fraction F is depicted in fig. 2. We see that the horizon for protons,
which may be taken as the distance for which this fraction reaches e.g. 10%,
is relatively close on cosmological grounds for all the energies considered. For
instance, for Eth = 80 EeV one has that 90% of the events should have been
produced at distances not farther than ∼ 90 Mpc1. The sensitivity to the
assumed source spectral index α is not large, although as expected the horizon
increases for harder spectra since above a given threshold the fraction of higher
energy events, which are more penetrating, becomes larger in this case. Let us
also mention that the pair production losses have an impact on the results only
for Eth < 80 EeV, and they become indeed quite important for Eth < 60 EeV.
1It is not straight-forward to guess the results in fig. 2 from those in fig. 1, mainly because
fig. 2 is in terms of the threshold energy measured on Earth, so that the CRs involved have
energies above the thresholds and moreover their energies were even larger at the sources.
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Figure 3: Attenuation lengths vs. energy for different nuclei. Lower curves
are due to photo-disintegration processes and upper curves to pair production
processes.
The rate at which a nucleus of mass number A photo-disintegrates with the
emission of i nucleons is given by
RA,i =
1
2γ2
∫ ∞
0
d"
"2
dn
d"
∫ 2γ"
0
d"′ "′σA,i("′), (5)
where now γ = E/Amp. The relevant photon densities in this case are the
CMB and the IR backgrounds. For this last we use the estimates obtained in
[21]. The cr ss sections σA,i for the different processes in which a nucleus of
mas number A emits i nucleons were parametrised in [12], and we also use
the updated energy threshold values presented in [14]. To describe the average
energy l ss of a given nucleus it is convenient to introduce the effective rate [12]
RA,eff ≡
∑
i
iRA,i. (6)
In terms of this rate one has
dA
dx
= −RA,eff . (7)
The atten a ion ength for photodisintegration is then
λ−1γd = −
1
A
dA
dx
=
1
A
RA,eff . (8)
5
Figure 1.4: Propagation horizon of cosmic rays [41]. Left: Attenuation length of protons as a function
of energy. It illustrates which distances of possible sources of cosmic rays are excluded through prop-
agation effects. Th propagated distan e is limited by interaction with different types of background
radiation. Right: Distance as a function of nergy, from where observed heavy nuclei could originate.
For orientation: Distances of 1 Mpc refer to our local group, 10 Mpc are nearby clusters and the typical
AGN is usually further away than 100 Mpc.
protons (Z = 1). Studi that correlate t e arrival direction of cosmic rays measured at Earth
with astronomical objects to identify possible candidates, therefore contain an additional free
param ter, when being unable to account for the c rect charge. Additionally, the Galactic
and especially intergalactic magnetic fields are not well known [37]. These facts make it very
hard to to correlate the arrival direction of cosmic rays to the direction of their sources. No
strong correlations have been observ d so far, while the arrival directions are also not fully
compatible with an isotropic distribution [38, 39].
What you can learn from studying propagation is that the sources need to be relatively
close by. As shown in figure 1.4, the interaction with the infrared-background and CMB, will
limit the distance a particle of the highest energies can travel before interacting and thereby
losing energy. Distances of 1 Mpc correspond to our local group of galaxies. The bulk of
active-galactic nuclei (AGN), typical candidates, are further away than 100 Mpc, which makes
them difficult candidates. However, there are a number of AGN, such as Centaurus A, which
are closer and therefore promising candidates. Observing the pions of hadronic decays at the
sources via their decay into photon pairs is also affected by the CMB. Photons between 1013 eV
and 1018 eV have an even higher cross-section to convert into e+, e−-pairs and the horizon that
is observable with current γ-ray telescopes is therefore closer. Not observing hadronic decay
products is therefore not unlikely due to the horizon effect. Above 1018 eV the mean free path
length for photons increases again to values larger than those of the possibly corresponding
protons. So far, no observation of photons of this energy has been made. The only experiment
sensitive in this region is the Pierre Auger Observatory, which has not observed any photon
sources so far [40].
The question about the sources of cosmic rays cannot be answered without knowing what
type of particle dominates the flux. Also, models about accelerators need to know what type
of particles the sources need to accelerate in order to account for the correct flux at Earth.
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1.3 Development and Composition of EASs
hadronic interactions at 1018 eV, the predicted multiplicity is of the order of a hundred.
However, if the primary cosmic ray is a photon the multiplicity of the first interaction
is only 2.
The EAS induced by a hadronic primary contains both electromagnetic and hadronic
components, whereas a photon-induced shower is dominated by the electromagnetic
component. A simple schematic representation of these two types of showers is presented
in figure 1.9. In the following sections the electromagnetic and hadronic cascades are
discussed in detail.
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1.3.1 Electromagnetic Cascades
A simple and very useful model for the development of the electromagnetic cascade
was created by Heitler [44]. Consider a cascade beginning with a photon interacting
in the upper atmosphere. At the high energies involved in cosmic ray induced EASs
one can consider that the photons only interact via pair-production. The processes of
Compton scattering, inverse-Compton scattering and the photo-electric effect are not of
importance until the particles in the shower are at energies below a few tens of MeV.
17
Figure 1.5: Schematic view of an air shower. Shown are different processes that lead to the electro-
magnetic component (EM), the hadronic component, and the muonic component. Adapted from [42].
The allowed deflection angle during propagation depends on the particle type, and the same
holds true for the interaction-cross section with the CMB. To conclude, there are two key
ingredients that are needed to identify the sources of cosmic rays: A large number of detected
events accounting for the low fluxes of cosmic rays and detailed information about the type of
primary particle per individual air shower.
1.2 Extensive Air Showers
The atmosphere is not transparent for cosmic rays. Due to their interactions in the atmosphere,
cosmic rays f energies above (> 1014 eV) create a detectable signal at ground level, which is
known as an (extensive) air shower.
1.2.1 Development of Air Showers
The primary cosmic ray interacts with an atmospheric nucleus, creating a cascade of secondary
particles, such as shown schematically in figure 1.5.
In the first interaction, the incoming nucleus will interact hadronically with a nucleus of an
atmospheric molecule. About one half of the energy of the primary particle will be transferred
into secondary particles (pi,K, p, n, η,. . . ). Those secondary particles are essentially only neu-
tral and charged pions pi0, pi±, with two times as many charged pions. The other half of the
energy will be carried forward by a secondary nucleon, which will continue to interact and
produce particles in the air shower after another interaction length.
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The resulting pions also continue to interact. The neutral pions decay mostly into photon
pairs, which form the basis for the electromagnetic component of the shower.
pi0 −→ γγ (1.4)
Involving processes such as pair production, ionization, Compton scattering, and Bremsstrahlung,
the electromagnetic cascade will grow with every radiation length until the individual parti-
cles γ, e± fall below the critical energy, where the inelastic interaction cross-section drops de
facto to zero. From there on, the electromagnetic particles will propagate to the ground, con-
tinuously decaying and loosing energy. The low energy particles are likely to be captured by
atmospheric molecules and therefore only a small fraction of the electromagnetic component
reaches the ground.
The hadronic component of the shower is fueled by the charged pions and protons and
neutrons as remainder of the interaction. High-energy charged pions will continue to interact
with atmospheric nuclei, creating more pions in the same ratio as before, letting the shower
grow. This process continues until the energy of the pions becomes so low that their decay
length becomes shorter than their interaction length. The charged pions then decay mostly into
muons and the corresponding neutrinos, which travel without interaction towards the ground,
pi± −→ µ± + (−)ν µ (1.5)
µ± −→ e± + (−)ν µ + (−)ν e. (1.6)
The decay time of the µ into an electron and the corresponding ν is usually longer than the
relativistic time that the muon needs to reach the ground.
Both cascades reach a point at which there is a maximum number of particles and the
shower has reached its largest extend. After this point the number of particles decreases until
there are essentially only neutrinos and muons detectable.
Figure 1.6 illustrates the longitudinal development of air shower. It can be recognized
that the hadronic and the electromagnetic cascade develop at different atmospheric depths. At
first the hadronic cascade develops and only from its products the electromagnetic cascade
starts, carrying a significant fraction of the total energy deposit of the shower. The remaining
muons and neutrinos carry an almost negligible fraction of energy. Most of the energy is
deposited into the atmosphere, where it can be measured in various ways. This energy deposit
is almost complete and can therefore be used as a good estimate for the total energy of the
shower. Measuring the deposit made by the tail of the shower containing electrons, muons
and neutrinos is experimentally challenging. Furthermore, resolving the energy of the primary
from this is subject to assumptions about the height in which the shower developed. However,
if one is able to measure both components, these measurements can be used to characterize the
shower quite accurately.
The height in which the first interaction takes place is related to the type of particle that
the primary cosmic ray consisted of. As iron nuclei have a higher cross-section with air, they
will on average interact earlier than protons. Due to shower universality the height of the
first interaction is related to the height of the maximum shower development. This is usually
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ionization loss α of relativistic electrons is about constant (α ! 2 MeV/(g
cm−2)), the same curve in appropriate units also resembles the differential
energy release dErel(X)/dX of the EAS as a whole,
dErel
dX
(X) ! αN(X) . (2.3)
Integrating dErel(X)/dX results in the energy fraction indicated by the
shaded region; for instance, at shower maximum (labeled Xmax), already
! 50% of the initial energy has been released into the atmosphere.
The maximum of energy stored in electromagnetic particles Xelm !
410 g cm−2 is reached well before the so-called shower maximum Xmax !
730 g cm−2, i.e. the depth where the shower contains the largest electron
multiplicity. This is due to the fact that at early cascade stages, a large
energy fraction is carried by high-energy particles. Only gradually, the
energy is transformed to newly created particles. The maximum of energy
stored in electromagnetic particles Xelm is expected at the development
stage where the gain from the hadron channel equals the loss by energy
release,
− dEhad
dX
(Xelm) ! dErel
dX
(Xelm) . (2.4)
We can roughly cross-check Xelm in our simplified approach. Using
Eq. (2.3) and (by differentiating Eq. (2.1)) −dEh(X)/dX ! Eh(X)/Λh we
obtain from Eq. (2.4) for Xelm the condition
Eh(Xelm) ! αΛhN(Xelm) . (2.5)
Figure 1.6: Energy Deposit of an air shower as function of depth in the atmosphere, initiated by a proton
of 1019 eV [43]. Left axis: Fractional energy deposit into various components of an air shower. The
different cascades (had: hadronic, elm: electromagnetic, µ: muons, ν: neutrinos) develop at different
heights in the shower and carry away different amounts of energy. Right axis: Corresponding number
of particles N in the shower development. The shower reaches its aximum number of particles at
Xmax, which corresponds to the height with the largest differential energy deposit into the atmosphere.
measured from the top of the atmosphere and ref rred to as Xmax, as it is also shown in figure
1.6.
Simple models such as the Heitler model [44], later expanded by Matthews [45] can be
used to understand the shower development as described above and to calculate estimations
for the location of the shower maximum and its relation to e ergy and maximum umber of
particles. Once, the development of one shower induced by a proton is modeled, the shower
initiated by heavier nuclei can be understood as a superposition of proton showers, using the
mass A of the nucleus. The primary energy is then distributed on the sub-showers as E/A,
which leads to a relation between Xmax and the mass A of the particle:
Xmax ∼ λint +X0 ln E
A
, (1.7)
where λint is the interaction length of the primary particle, and X0 the radiation length. This
illustrates th t for heavier nuclei the shower maximum is reached earlier, already based on the
difference in interaction length between the two types of primaries. This allows for a method
to distinguish light from heavy nuclei.
Where simple models can help to develop general understanding and approaches, the sta-
tistical analysis of air showers has to be tackled differently. With advances in computation,
various models have been developed that simulate air showers by following individual parti-
cles and letting them interact stochastically according to their cross-sections. Most of these
models (e.g. CORSIKA [46] or AIRES [47]) include realistic models of the atmosphere, as
well as magnetic fields and interfaces to detector simulations. They are based on cross-section
measurements performed at accelerators to follow the cascade simulation as realistically as
possible. The draw-back hereby is the missing cross-section measurements at the highest en-
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ergies, which have to be extrapolated, introducing new uncertainties. However, by comparing
the simulations to air shower data, one can also measure these cross-sections [48].
1.2.2 Radio Emission of Air Showers
Radio detection of cosmic rays was first attempted in the 1960s. A review of the early exper-
imental results can be found at [49]. However, it became obvious rather fast that the technol-
ogy available at that time was not sufficient to gather enough information to identify which
of the (conflicting) theories about the emission mechanisms was true. Furthermore, the in-
creasing human-made amount of radio background interference worsened the conditions for
observations and there were doubts in how far atmospheric electric fields would influence the
measurements. The research concerned with this detection method ceased until in the begin-
ning of 2000. Since then, with new experiments the understanding of the radio emission made
considerable progress, also thanks to more and more detailed air shower simulations.
Emission mechanisms and experimental signatures
The current knowledge about the radio emission can be summarized as follows1: The electro-
magnetic component of the air shower creates radio emission while propagating through the
atmosphere. The measured radiation is a combination of different mechanisms.
The main component is of geomagnetic origin. The local geomagnetic field accelerates
electrons and positrons in the shower front in opposite directions. This leads to a net-drift of
the electrons and positrons, which can be interpreted as a current. This current varies with the
amount of charge present in the air shower. This leads to the effect that the current increases
until the shower reaches the shower maximum and starts to decrease from there. This effect
is either being referred to as the geomagnetic effect or as time varying transverse currents
[52, 53, 54]. As this is the main component, it is believed that the strength of the radio signal
scales with the number of electrons and positrons in the shower, which scales with the energy
of the primary particle. Furthermore, the electric field of the emission ~E scales with the angle
between shower (~v) and the local magnetic field ( ~B), following the relation ~E ∼ ~v × ~B.
This primary component has been confirmed in a number of experiments. For example,
CODALEMA has shown the dependence of the pulse amplitude on energy and direction of
the shower and confirmed the geomagnetic effect as dominant mechanism [55]. The same has
been observed in LOPES [56], AERA [57], LOFAR [58] and Tunka-Rex [59]. This effect has
even been observed already in the 1960s [60].
The second component is induced by the longitudinal charge imbalance in the air shower.
Electrons from atmospheric molecules are dragged along in the air shower, leaving behind the
positively charged ions. This effect, also known as the Askaryan effect [61] or charge excess,
analogically leads to a time varying net-charge in the air shower.
All the emission is generated with a broad frequency spectrum on nano-second timescales.
In the MHz frequencies the emission is radiated coherently as the emitting shower front is
1More general reviews can be found in [50] or [51]
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smaller than the wavelength. This leads to coherent broad-band pulses, which is the key char-
acteristic of radio emission of air showers.
Both time varying effects induce radiation which is linearly polarized. For the geomagnetic
effect, the radiation is polarized along the axis defined by the cross-product of magnetic field
and shower direction. The polarization angle is therefore independent of observer location with
respect to the shower axis. For the charge excess the varying net-charge is symmetric around
the shower axis and the induced electric field vector points radially towards the shower axis.
The electric field induced by the charge excess is therefore different for every observer posi-
tion. The measured polarization angle, combining both effects, is consequently also dependent
on the position of the observer. The combination, i.e. a vector sum, of the two mechanisms
leads to an asymmetry in the observed radiation pattern around the shower axis.
Such an asymmetry has been measured in CODALEMA [62] in a shift of the position at
which the maximum signal was measured with respect to the shower axis that was obtained
from particle data. The first observation of the changes in the polarization angle was made at
AERA [63]. An average relative contribution of the charge excess of 14± 2% was measured.
The LOFAR Collaboration recently confirmed that there is also a distance dependence in the
charge excess contribution, as the contribution approaches zero at the shower axis [64].
The atmosphere in which the air shower propagates has a non-unity and altitude depen-
dent index of refraction, which is especially relevant as the air shower propagates faster than
the local speed of light in the atmosphere. For radio emission, this means that the emission
is compressed in time, leading to an enhancement of the emission at certain observer angles
[65]. This is especially true for higher frequencies, where the pulse power can become signifi-
cantly strong due to the compression of the pulse, despite the reduced power in this frequency
range. This relativistic time-compression effect adds an additional geometric component to
the emission pattern. The main enhancement takes place at the Cherenkov angle αCh, which
is a function of the index of refraction n, which in turn is a function of the height h. It also
depends on the relativistic velocity β = v
c
of the particles in the shower.
cos(αCh) =
1
β · n(h) (1.8)
Typical values for air showers are angles of less than 1◦, which deliver rings of enhanced
emission at roughly 100 m distance to the shower axis. Due to its dependence of the index
of refraction, the width of the Cherenkov ring, is a function of the zenith angle of the arrival
direction of the cosmic ray.
It directly follows that also for radio measurements the properties of the atmosphere are
important factors. There is however no significant attenuation of the emission in the atmo-
sphere as it takes place for visual or UV light, which hinders optical detection of air showers.
This lack of attenuation allows for precise radio measurements in almost all weather condi-
tions. The emission is however affected by local electric fields. Just as the local geomagnetic
field, local electric fields, as they occur in their extreme in thunderstorms, can lead to an addi-
tional acceleration of the electromagnetic shower component, which will affect the emission
radiated, thus influencing measurements taken during conditions with elevated electric field
levels [66, 67].
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The radio emission of cosmic rays is only detectable above a certain energy threshold,
depending on the power in the local radio background. The most dominant source of inter-
ference is modern human society, namely narrow-band transmitters (AM/FM radio frequen-
cies or communication radio) or short pulses, produced as by-products from almost any kind
of electrical equipment, usually in combination with sparking (spark plugs, switches, etc.).
Narrow-band interference raises the background level and disturbs the measurement of the
frequency components of the cosmic ray pulses. Pulsed interference imitates air shower sig-
nals and thereby introduces a confusion problem: Radio signals from air showers are difficult
to distinguish from man-made pulses, solely based on their signal characteristics. Apart from
human made interference, which can be reduced by an optimal choice of measurement loca-
tion, the Galaxy introduces an irreducible noise floor. The diffuse emission, mostly from the
Galactic plane, shows a strong contribution with an exponential spectrum [68] throughout the
whole MHz-band. Pulses from air showers are generally only detectable above this noise floor
when the cosmic ray had an energy above 1016 eV.
The fall-off of the signal power with increasing distance to the shower axis will be dis-
cussed in detail as part of this thesis (see chapter 6). The fall-off is known to be rather steep
(with respect to the particle fall-off) for vertical air showers (zenith angle < 45◦). A precise
knowledge of this behavior will allow us to determine the relation between the grid-spacing of
an antenna array and its energy threshold. Also, it has been argued that the sensitivity of the
radio emission to Xmax can be retrieved from the shape of the emission pattern [69].
The coherent radio wavefront of the shower reaches the Earth later than the corresponding
particle component due to the index of refraction. The shape of the wavefront is determined
by the shower geometry and the emission regions. It is neither spherical [70], as would be
expected from a point-like emission region, nor is it conical [71] as it would be expected
from a line-like emission region. The wavefront is approximated very well by an hyperbola,
illustrating that the emission region is extended but not to very large distances [71]. The
predicted sensitivity of the wavefront curvature to the height of the shower maximum [72]
remains to be shown experimentally.
Models of radio emission
The current knowledge about the radio emission of air showers is encoded in several air shower
models and simulations. The approaches, which are used to model the emission can be grouped
according to their approach.
There are two models that are based on full particle simulations that follow the trajectories
of all individual particles that create the emission. Such microscopic models are CoREAS
[73] (based on CORSIKA [46], using the endpoint formalism [74]) and ZHAires [75] (based
on Aires [47] using the ZHS algorithm [76]).
Then, there is EVA [65] (based on MGMR [54]), which uses the macroscopic effects of
currents and net-charge, as described above, to model the emission. It uses as input results
from the particle air shower simulation CONEX [77] to model the shower parameters, such
as the thickness of the particle shower front and drift-velocities, which are used in the macro-
scopic calculations. CONEX calculates the numerical solutions of the cascade equations and
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is thereby faster than CORSIKA, which uses a similar approach.
In addition, there are models that use averaged air shower particle distribution or air shower
universality to model the emission, such as SELFAS2 [78] and REAS3.1 [79].
The predictions of all models have started to converge, and show a consistent description
of the shape of the signal distribution that describes the current data [80]. The precision of the
prediction delivered is overall a function of computing time. Therefore, the suitable choice of
model depends on the application for which it is needed and the resources available.
Here, the endpoint formalism is discussed, as it is the basis of the CoREAS simulation
code, which is used in most of the analyses in this thesis. The endpoint formalism is based
on the fact that: "all radiation from particle acceleration can be described as superpositions
of instantaneous accelerations (endpoints)" [74]. The electric field contribution can be either
derived in the frequency domain
~E±(~x, ν) = ±q
c
eikR(t
′
0)
R(t′0)
e2piiνt
′
0
1− n~β∗ · rˆ rˆ × [rˆ ×
~β∗] (1.9)
or in the time-domain:
~E±(~x, t) = ± 1
∆t
q
c
(
rˆ × [rˆ × ~β∗]
(1− n~β∗ · rˆ)R
)
(1.10)
These equations describe the electric field ~E for an acceleration at time t = t0 to a velocity
~v/c = ~β = ~β∗, where ± is positive for an acceleration from rest and negative for an accelera-
tion to rest. Furthermore, q is (in c.g.s units) the charge of the particle, R is the distance from
the point of emission to the observer, rˆ a unit vector in the direction of the observer, and n is
the refractive index of the medium. The relation between wavenumber k and the frequency ν
is k = 2piνn/c [74].
Any classical problem can be reconstructed by dissecting the particle trajectories into a
large enough number of these endpoints. Depending on the required outcome, numerical cal-
culations can be conducted in either of the two domains. If both domains are desired, such as
for the air shower simulations, an adequate step size has to be chosen in order to be able to con-
vert one into the other using fast-Fourier transformations without loosing information. Since
the pulses of air showers are short in the time-domain they are broad-band in the frequency-
domain. Respective calculations are implemented directly in the air shower simulations with
CORSIKA, resulting in the CoREAS radio air shower simulations. It should be noted, that
there are frequent discussion about the differences between air shower simulations based on
the differences in hadronic interaction models. As the radio emission stems almost solely from
the electromagnetic cascade, the choice of model is expected to be less relevant for the radio
emission. They are, however, needed to interpret the results of the measurements of the shower
maximum.
1.2.3 Detection Methods of Air Showers
Air showers can be detected with various methods, all based on either measuring the products
of particle propagation and interactions in the atmosphere or the remaining particles of the
cascade on the ground. A schematic overview is given in figure 1.7.
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Figure 1.7: Different methods to detect extensive air showers. An air shower can be detected by its
particle component, its radiated Cherenkov or Fluorescence light, or its radio emission. The different
detectors are sensitive to different components of the shower and have different duty-cycles.
Optical Detection Methods
There are two optical methods to detect air showers. While propagating through the atmo-
sphere, the bulk of particles will travel faster than the speed of light in air, which leads to the
emission of Cherenkov light. This light can be measured as an illuminated ring on the ground.
The geometry of the ring is related to the geometry of the shower, especially the height of
shower maximum. This technique is for example used at TUNKA [81] in an non-imaging
way.
Additionally, the electrons in the shower will excite nitrogen molecules in the atmosphere,
which will then emit Fluorescence light in the UV-range when de-exciting. This light is emitted
isotropic during the shower development. Its intensity traces the development of the shower,
which allows for a calorimetric measurement of the energy contained in the shower. Fluores-
cence detectors are for example installed at HiRES [82], Telescope Array [83] or the Pierre
Auger Observatory [84].
The detected Fluorescence light as a function of the height in the atmosphere is well de-
scribed by the Gaisser-Hillas function [85]:
fGH(X) = ωmax
(
X −X0
Xmax −X0
)(Xmax−X0)/λ
e(Xmax−X)/λ, (1.11)
with Xmax being the depth of shower maximum at which the energy deposit of ωmax is made.
The parameters λ andX0 are shape parameters. The integral of this function corresponds to the
total deposited energy and is a calorimetric measurement of the energy of the primary particle.
An example of FD data with a Gaisser-Hillas fit is shown in figure 1.8.
Fluorescence detectors rely on a good understanding of the Fluorescence yield of the at-
mospheric nitrogen with respect to the atmospheric conditions. Once this yield, which is the
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Figure 1.8: Air shower signatures in different detection techniques. Left: The energy deposit of an air
shower in the atmosphere, as measured with the Fluorescence Detector at the Pierre Auger Observatory.
Also indicated is the the Gaisser-Hillas fit. Right: Overlay of the particle signal and the radio signal as a
function of distance to the shower axis. The red squares and line fit, indicate the particle density and the
respective NKG-fit (left axis). The blue circles are the arbitrarily scaled radio pulse power (right axis).
A common detection threshold is indicated by the black dashed line. The event shown was measured
by LOFAR and LORA (see sections 2.2.1 and 2.2.2). It arrived at a zenith angle of θ = 36◦ and had an
energy of approximately 1.5 · 1018 eV.
number of emitted photons per unit of deposited energy, is known, the deposited energy can
be directly inferred from the emitted light. Several experimental groups have measured this
Fluorescence yield and delivered a common approach in order to be able to compare different
experiments [86].
As optical technologies, both Cherenkov and Fluorescence detection rely on clear weather
conditions, dark nights and a good understanding of the atmosphere.
Particle Detectors
Naturally, air showers can be detected by arrays of particle detectors on the ground. An air
shower creates a so called footprint of particles on the ground, which extends several square
kilometers for showers of the highest energies. It consists of the remaining particles of the
air shower front and contains timing information, from which the arrival direction can be
reconstructed. Parameters of the shower development are however only accessible via a cross-
calibration of the measurements with other detectors or air shower simulations. The advantage
of this method is the relative simplicity of the detector grid and that data taking is weather
independent, which is essential at the low fluxes of high energy particles.
For these type of detectors, essentially any type of particle detector can be used, taking
into account the measurable particle component in air showers. Plastic scintillators (e.g. see
section 2.2.2) are mostly sensitive to the electromagnetic component of the shower, while for
example water-Cherenkov detectors (e.g. see section 2.1.1) are more sensitive to the muonic
component. Following the concept of detectors at accelerator experiments, stacked detectors
are useful in order to separate the shower components, such as muons from the electromagnetic
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component. This is applied for example in KASCADE [87] or foreseen in extensions of the
Pierre Auger Observatory.
The particle density ρ as a function of distance to the shower axis r can be described by an
Nishimura-Kamata-Greisen-function (NKG-function) [88, 89].
ρ(r) = Nch · C(s) ·
(
r
rM
)s−2
·
(
1 +
r
rM
)s−4.5
(1.12)
with
C(s) =
Γ(4.5− s)
2pir2MΓ(s)Γ(4.5− 2s)
(1.13)
Here, s is the shower shape or shower age parameter and rM the Molière radius, which is the
characteristic size of an electromagnetic shower. This function has been analytically derived
for electromagnetic cascades with fixed values for s and rM , but was also found to be a good
description of hadronic air showers, when using those parameters as free parameters. It should
be noted that this function diverges at 0, which is non-physical. It has therefore been debated,
whether it should be used to describe experimental data, e.g [90] and many experiments use
adapted versions. An example of a measured air shower, with the corresponding NKG-fit is
shown in figure 1.8. The fit indicates that the shower is still well above detection limit at
distances of 400 m from the shower axis.
Radio Detectors
Finally, air showers can be detected by their radio emission. As discussed above, the signature
of radio emission of cosmic rays, are nanosecond pulses, which are strongest in the MHz-
regime. An air shower will illuminate a couple of thousands of square meters with this radio
emission. It can therefore be detected by an array of radio antennas, which are equipped with
fast electronics and are sensitive in the low MHz-regime. As with particle detectors, the arrival
times of the pulses in the individual antennas can be used to triangulate the arrival direction of
the cosmic ray. The power and/or amplitude of the pulses can be used to reconstruct the emis-
sion pattern on the ground, from which primarily the shower axis can be obtained. Also, the
pulses show a frequency spectrum, which might be used as an additional source of information
to characterize the air shower [91].
The electronics of these detection systems need to be capable of digitizing the pulses with
high sampling rates to ensure the frequency resolution. Moreover, almost ideal filters for
narrowband sources of interference are advantageous to ensure the measurement of a clear
signal.
When radio detection was first suggested in the 1960s, the technological development did
not yet meet these requirements. The measuring systems were neither broadband (usually
only one MHz), nor fast enough to resolve the pulses. Especially, the increasing human-made
interference could not be filtered in these times. LOPES [92] and CODALEMA [93] were the
first experiments to rediscover radio detection in the beginning of this century. While LOPES
has stopped operations, CODALEMA is still taking data and is being used as test-site for new
developments.
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Parallel to those experiments, new ones have been erected, with the aim of experimentally
developing the prospects of radio detection of air showers. Both, the Auger Engineering Ra-
dio Array (AERA) and the Low-Frequency Array (LOFAR), will be described in detail in this
thesis. An example of an air shower measured with LOFAR is shown in figure 1.8. Addi-
tionally, the radio extension of the TUNKA array [94], Tunka-Rex, has started data taking in
2012 [95]. All these experiments focus on the lower MHz frequencies, covering energies from
1016 eV upwards. Complementary, there are experiments focussing on the GHz-regime, such
as CROME [96] and several experiments at the Pierre Auger Observatory [97].
All of the experiments mentioned above are focussed at detecting cosmic rays. However,
everything that initiates a cascade of secondary particles consisting mainly of electrons and
positrons will emit radio pulses. In dense media, these showers are smaller and the dominant
contribution is caused by the charge excess [98]. This effect has been addressed by experiments
looking for neutrino interactions. As such an interaction will be rather improbable in air, the
experiments focus at detecting interactions in the ice, (e.g. [99, 100]) or in the surface-region
of the moon [101]. The energy threshold is however higher for neutrino interactions.
Radio detectors form a natural alternative to the established optical techniques and particle
detectors. Their duty-cycle is significantly higher than the ones of optical methods as the data-
taking is almost unaffected by weather conditions, thereby matching the duty-cycle of particle
detectors. They improve on particle detectors as they show a direct and very strong sensitivity
to the height of the shower maximum. As measuring the composition of cosmic rays is the
key to answer the question about the origin of cosmic rays, the sensitivity to the height of the
shower maximum with a competitive resolution is a clear advantage for the radio detection.
The questions that the current and future experiments will have to answer are: Which
parameters of the emission are most sensitive to the shower development and how are they
best exploited? And what type of array would be suited best to meet the requirements of a
future air shower array? Both questions will be addressed in this thesis.
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For the analyses in this thesis, data from two experiments are used: The Pierre Auger Obser-
vatory and the LOFAR radio telescope. Both are described individually in this chapter. The
chapter is concluded with a direct comparison of the two experiments.
2.1 The Pierre Auger Observatory
The Pierre Auger Observatory is located in the province of Mendoza, Argentina, near the town
of Malargüe. It was designed and built as a hybrid experiment to detect air showers of cosmic
rays of the highest energies. In the baseline design, it is hybrid, as two types of detectors
observe the same air showers: The Fluorescence Detector and the Surface Detector. During
stable operation this hybrid concept was extended to test other detection methods in parallel to
the established techniques, such as the radio detection of air showers in the Auger Engineering
Radio Array. An overview of the set-up is shown in figure 2.1.
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Figure 2.1: Overview of the Pierre Auger Observatory. Indicated are the positions of the water-
Cherenkov detectors (grid) and the positions of the Fluorescence telescopes with their names and field
of views around the array. Also indicated are the positions of the atmospheric monitoring facilities
(CLF, XLF) and the site of the Auger Engineering Radio Array (AERA). Figure from the Pierre Auger
Collaboration.
2.1.1 Surface Detector
The Surface Detector (SD) is an array of 1600 water-Cherenkov detectors covering an area
of about 3000 km2 [102]. This array measures the particle component of an air shower that
reaches the ground by measuring the Cherenkov light the particles induce when traveling
through water. The individual stations of the Surface Detector are positioned on a hexagonal
grid, with a spacing of 1.5 km. This spacing essentially determines the lower energy threshold
of the array of 3 · 1018 eV. In order to extend the measurements to lower energies, a denser
subarray (spacing 750 m) was constructed, which also hosts additional muon counters and can
be seen in figure 2.1 in the top left corner of the array [103].
The individual detector stations are weather-proof tanks of 12 m3 purified water equipped
with three photo-multiplier tubes. They are powered completely autonomous through solar
panels and batteries. A schematic image of a water-Cherenkov detector is shown in figure 2.2.
Every station runs a local trigger, detecting coincidences of particles in units of Vertical Equi-
valent Muon (VEM) [104]. This VEM value is continuously calibrated on atmospheric muons,
ensuring a cross-calibration of all stations. The stations communicate their local triggers via
a wireless network to the central data-acquisition (CDAS), which checks for coincidences of
several stations. In case of a coincidence of at least three stations, the full data is read-out and
an event is written to disk.
The data are reconstructed using the reconstruction framework Offline [105]. For SD data
this involves an initial fit of the shower arrival direction based on the arrival times and an initial
estimate of the position of the shower axis based on a bary-center fit of the signals measured in
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Figure 2.2: Detectors of the Pierre Auger Observatory. Left: Schematic drawing of a Surface Detector
station. The main components are the photo-multiplier tubes (PMT), which are located at the surface of
the purified water content of the station. Also indicated are the solar-panel, and the GPS and communi-
cations antenna. Right: Schematic drawing of a Fluorescence Telescope [84]. Mirror, camera, and the
aperture system form the optical component of the telescope.
the individual stations. This is further refined by fitting a modified NKG-function (see section
1.2.3) to the lateral signal distribution:
S(r) = S1000 ·
(
r
r1000
)β (
r + r1000
r1700
)β+γ
(2.1)
S(r) is the signal in VEM as a function of distance to the shower core, r. Fit parameters are
S1000 and the position of the shower axis on the ground, the shower core, which is indirectly
represented in r. The exponents β and γ are only fitted if enough stations were triggered.
They are initialized with β = 0.9 sec(θ) − 3.3 and γ = 0. The parameters r1000 = 1000 m
and r1700 = 1700 m are constants. S1000 is directly related to the energy and is cross-calibrated
using the data from the Fluorescence Detector. The accuracy of the reconstructed events is
highly dependent on the number of stations that measured a signal above threshold. For high
quality events the uncertainty on the direction reconstruction is on average 0.6◦ and 50 m on
the core position [106].
The SD has a duty-cycle of almost 100%. The down-time is determined by failures of sin-
gle stations, which reduces the sensitivity in certain regions, or failure of the communication,
which halts data-taking.
2.1.2 Fluorescence Detector
The Fluorescence Detector (FD) consists of 27 telescopes detecting the fluorescence light in-
duced by air showers in the atmosphere [84]. The fluorescence light is emitted by de-exciting
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nitrogen molecules and is emitted isotropically. Integrating this light is a measure for the
energy of the primary cosmic ray.
The Fluorescence telescopes are Schmidt telescopes. The incoming light is focussed by a
3.5× 3.5 m2 mirror onto a camera that consists of 440 photo-multipliers. The development of
the air shower is tracked with these pixels. A schematic drawing of a telescope is shown in
figure 2.2.
The telescopes are grouped at four locations, which are distributed at the edges of the
SD array. A regular FD building contains six telescopes that each have a field of view of
30◦ × 30◦ from the horizon upwards. Three telescopes are grouped in a different set-up. The
set-up, called HEAT, can be tilted to observe higher elevations in order to lower the detection
threshold [107]. All telescopes are pointed at the atmosphere over the array, thereby measuring
the same air showers as the SD. However, as the telescopes detect UV-light, their uptime is
limited to cloudless and moonless nights with well-defined weather conditions. Therefore, the
FD can only measure about 10% of the time that the SD measures.
The Auger Fluorescence telescopes become fully efficient at about 1018 eV. The data of
the FD is always reconstructed in combination with the SD and events can be reconstructed
as soon as there is one triggered SD station. The FD telescopes send triggers to the central
data-acquisition system, CDAS, whenever they have measured a combination of pixels that is
likely to have been lit by an air shower. Following an FD trigger also the SD array is read out.
As the Fluorescence light is a very good tracer of the energy deposit of the air shower,
the integral of the Gaisser-Hillas function (see section 1.2.3) is used to cross-calibrate the
measurements of the Surface Detector. The S1000 of the SD reconstruction with an additional
zenith correction is calibrated against the calorimetric measurement of the FD, using a set of
selected high quality events. Thereby, it is ensured that the SD measurements do not rely on
air shower simulations and that both detectors work with the same energy scale. The statistical
energy resolution of the SD is about 15%. The FD introduces a systematic uncertainty on the
energy scale of about 20%. From the fit of the Gaisser-Hillas function to the FD data, also
the position of the shower maximum can be reconstructed. This provides a resolution of the
shower maximum of about 20 g/cm2.
2.1.3 AERA – The Auger Engineering Radio Array
The Auger Engineering Radio Array (AERA) is an extension to the Pierre Auger Observatory.
Experimental hardware
As an engineering array, AERA was built in several phases with several versions of hardware.
It was deployed in two phases: AERA I in September 2010 (commissioning until May 2011)
and AERA II in May 2013. The array contains currently 124 stations, with 24 stations being
part of AERA I. The stations are distributed on different grids as shown in figure 2.3 to test for
the optimal distances. AERA was built in the more dense infill of the Surface Detector array
and in the field of view of HEAT, the low-energy extension of the Fluorescence Detector.
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Figure 2.3: Overview of the Auger Engineering Radio Array. The station positions of all current set-
ups are depicted (crosses, squares, downward triangles), as well as planned positions for a possible
extension (upward triangles). Additionally, the positions of the Surface Detector stations in the AERA
field are indicated by circles. To the west of the array is the position of the closest Fluorescence Detec-
tors, Coihueco and HEAT. The central radio station, where the data acquisition is run, is located near
the north-east end of the 250 m spaced array.
Two different types of antennas are deployed in AERA [108]. They are shown in figure
2.4. All stations of AERA I have Logarithmic-Periodic Dipole Antennas (LPDA). For AERA
II butterfly antennas were deployed. Both types of antennas have limited sensitivities towards
the horizon and are optimized for frequencies of the 30 − 80 MHz range. The antennas both
measure two polarizations, one being parallel, the other perpendicular to the local magnetic
field at AERA (approximately 2.5 ◦ East with respect to geographic North). Recently, some
additional test stations are also equipped with a third, vertical, polarization, perpendicular to
the ones of the original set-up. Every antenna signal is amplified by an antenna-type specific
low-noise amplifier, which also limits the bandwidth of the antennas, and is then forwarded by
coaxial cable to the electronics.
There are several types of electronics installed at AERA. There are tools in place that
keep track of the changes as it will be explained in section 2.1.3. One set-up of AERA I, for
example, is described in [109] and one of AERA II in [110]. Here, a description of the design
concepts is given.
All stations have in common that the signals are fed into an electronics box, where they
are amplified again and filtered between 30− 80 MHz before being digitized. The electronics
box also houses a charge controller and batteries, which regulate the power received from
the solar panels. The signals are digitized with a sampling rate of 180 MHz or 200 MHz,
depending on the set-up. The local station can form a trigger via a field-programmable gate
array (FPGA), which is then passed on to a central processing unit (CPU) which can check
additional requirements and regulates communication with the central data acquisition. The
overall timing is set via a Global Position System (GPS) receiver.
The data are read-out via different routes. Most of AERA I is connected to a fibre net-
26 Chapter 2. Observatories
Figure 2.4: Different set-ups at the Auger Engineering Radio Array. Left: Station of AERA I, which
is equipped with an LPDA and a fibre connection. Also shown are the external frame with solar panels
and the electronics box underneath. The GPS-antenna is mounted below the antenna. Right: Station
of AERA II, which is equipped with a butterfly-antenna. Above the antenna, the commercial wireless
antenna and the GPS antenna are visible. The solar-panel is mounted on the electronics box, which is
attached to the antenna pole.
work. This does not limit the data-rate and was the desired set-up to test triggering conditions
and data acquisition systems. It also acted as fall-back option and provided a test bench for
different options for the wireless communications. Two options were running: a commercial
wireless system on 5.7 GHz using a regular ethernet protocol and a custom-made wireless
system, using 2.4 GHz and a time diversion multiple access (TDMA) protocol. After an intro-
ductory period, all stations of AERA II were equipped with the commercial communications
system.
Depending on the electronics set-up, stations are equipped with additional features. One
set of electronics is equipped with ring buffers, that store the data for up to 7 seconds. This set
is capable of receiving triggers from SD or FD via direct communication to CDAS. Another set
is equipped with one or two scintillators (0.08 m2 each). These can be used to directly trigger
a read-out of the radio data in coincidence with a local particle signal and provide additional
information about the measured air shower.
Data acquisition
Currently, two different data acquisition systems (DAQ) are running for AERA. They are based
on the electronics used in the stations utilizing their specific capabilities. One DAQ is being
run at the Central Radio station (CRS), which is located within the AERA field. It is located
at the point where the originally cabled set-up was connected. This DAQ is connected via a
wireless connection to the Auger network at the FD Coihueco. At Coihueco, the other DAQ is
run. It directly connects to one half of the associated stations and is indirectly linked via the
CRS to the other stations. The DAQ at the CRS connects to the selection of stations, which
also comprise scintillators, as well as to those from AERA I with the same type of hardware,
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but no scintillators. The other part of the array (stations with ring-buffers), connects to the
DAQ at Coihueco.
Both systems have in common that they write the raw voltage traces to disk, as soon as a
trigger is issued. The DAQs differ in the way in which triggers are issued and in the amount
of data that is written to disk per trigger, which has been varying between 5µs and 5 ms.
Based on the applied trigger criteria and the individual capabilities of the stations, different
types of data are written to disk. In order to monitor the background conditions and system
health, every 10 s a voltage trace from all connected stations is written to disk, referred to as
10 second trigger. The buffered-set up is connected to CDAS, from which triggers can be
received. Surface Detector events with a core location close to the AERA field trigger a read-
out of the buffers and data is written as externally triggered to disk. Similarly, a trigger on the
Fluorescence Detector is in place.
An essential physics case for AERA is the question, whether independent operation of
radio antennas is possible. This requires the triggering on the radio pulse itself and afterwards
a cross-check with the other detectors. Thus, a self-trigger is running at both DAQs. The
triggering is a two-stage approach. On station level, pulses are selected as candidates based
on their shape. In the FPGA characteristics such as a threshold crossing of the pulse, after-
pulsing or frequency characteristics can be checked and triggered on. A second stage trigger is
implemented in the DAQ itself. Here, coincidences between stations are searched in a defined
time-window. As this trigger is formed in software, also additional, more complex criteria to
select events can be added.
The DAQ of the buffered set-up collects self-triggered data, based on a pulse identification
algorithm in combination with a selection on time-differences between stations (cone algo-
rithm) to avoid RFI triggers [111]. The DAQ at the CRS generates self-triggers based on pulse
shape considerations, as well as amplitude-ratios between the two instrumental polarizations.
Cuts on noise sources are applied when searching for coincidences. Additionally, this DAQ
issues triggers based on the scintillators. Most stations are equipped with two scintillators
(above and below the battery), allowing for several configurations., e.g. a threshold crossing
in either one or both of the detectors. These data are available as scintillator triggered data.
Data from both DAQs are available for offline processing in Argentina. There are tools
available to merge the data and select coincidences with SD before processing the events. A
small amount of data can be transferred digitally to Europe for additional analyses. The bulk
of the raw data has to be carried manually on disk, if needed for an analysis.
2.2 LOFAR – The Low Frequency Array
LOFAR is a distributed radio telescope targeted at observing the lowest radio frequencies from
240 MHz down to the atmospheric cut-off at 10 MHz. The antennas of LOFAR are distributed
over several European countries with a dense core in the Netherlands. The observation support
center and processing facilities are also located near this central core. The instrument was
specifically designed to be able to observe short duration radio signals, such as those emitted
by pulsars or cosmic ray induced air showers [112].
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Figure 2.5: Layout of the center of LOFAR. The six stations to the left of the figure form the Superterp.
The crosses indicate the LBA inner and outer antenna sets, respectively. The open squares show the
positions of the HBA tiles, which are split into two groups per station. The filled squares indicate the
positions of the LORA particle detectors.
2.2.1 The Radio Telescope
The antennas of LOFAR are grouped into stations, each station taking the role of a single
dish in a traditional radio interferometer array. A station consist of a number of low-band
antennas (LBAs, 10 − 90 MHz) and high-band antennas (HBAs, 110 − 240 MHz). The 24
stations within the ∼ 2 km wide core are distributed in an irregular pattern that maximizes uv-
coverage, or spatial frequencies for standard interferometric observations. The 16 additional
Dutch remote stations are distributed with increasing distance to the core. International stations
are currently located in Germany, France, the United Kingdom, and Sweden, giving LOFAR
a maximum baseline of 1292 km for interferometric observations. Core stations and remote
stations consist of 96 LBAs plus 48 HBAs. International stations have 96 LBAs and 96 HBAs.
At the center of the LOFAR core six stations are located in a roughly 320 m diameter area,
called the Superterp, providing both the shortest baselines for interferometric observations
and the densest population of antennas ideal for cosmic-ray observations. While every LOFAR
station is equipped with the necessary electronics to observe cosmic rays, the current data set
is taken with the central 24 stations, where additional information from particle detectors is
available. The positions of the antennas of the seven most central LOFAR stations are shown
in figure 2.5. The LBAs are the main tool for cosmic-ray detection. An LBA consists of two
orthogonal inverted V-shaped dipoles, each with a length of 1.38 m. These are supported by
a central polyvinyl chloride pole, which holds the low-noise amplifier and guides the signal
cables, as shown in figure 2.6. The dipoles X and Y , that make up each antenna, are oriented
southwest to northeast (SW-NE) and southeast to northwest (SE-NW).
The low-noise amplifier has an intentional impedance mismatch with the antenna. This
mismatch, combined with the characteristic length of the dipoles, makes the system sensitive
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Figure 2.6: LOFAR antennas at the central core. Left: In the foreground, low-band antennas are shown.
In the background the black box of a LORA particle detector can be seen. Right: Behind a low-band
antenna a cluster of 24 black tiles of high-band antennas are shown. The inset shows the construction
of a high-band element in which the bow-tie shaped antennas are mounted before they are packed in
weather-proof foil.
in a broad band from 10−90 MHz. In principle, this allows observations from the ionospheric
cutoff up to the start of the commercial FM radio band. For most observations the frequency
range is limited by a combination of selectable hardware and software filters to 30− 80 MHz
to suppress strong Radio Frequency Interference (RFI) in the outer bands. The LBAs are
designed to be sky noise limited after RFI has been removed [113].
The high-band antennas (HBA) cover the frequency range from 110 − 240 MHz. In this
range the antennas are no longer sky-noise dominated, which had to be accounted for in the
design, while keeping the antennas as low cost as possible. One HBA element consists of
dual-polarization fat dipole antennas, in which holes were cut to save material, making them
similar to bow-tie antennas. The elements are arranged in a plastic structure and combined in
groups of 16, called tiles. Every tile is packed in black foil, to protect the antenna electronics
from rain. Examples of an element and a tile can be seen in figure 2.6.
The HBA electronics have been optimized for targeted astronomical observations. The
signals from all antennas in a tile are amplified and combined in an analog beamforming step.
This means that the signals from the antennas are no longer available separately, but summed
with a correction for a delay that a source from a certain direction would introduce. The delays
to be applied are provided by the LOFAR control system for a user selectable direction. They
are updated once every 180 seconds to keep the direction of maximum sensitivity pointing in
the same direction during an observation. A maximum delay of 15.5 ns can be introduced
in 32 steps [114]. Near the center of LOFAR two groups of 24 tiles, called sub-stations, are
associated with every station as indicated in figure 2.5. Further away from the core, 48 tiles in
a single group belong to a station and international stations comprise a group of 96 tiles.
After amplification the signals from the individual dipoles or tiles are transmitted through
coaxial cables to the electronics cabinet located at every station. After being forwarded to
the electronics cabinet the signals of the LBAs are again amplified, filtered, and digitized
by a 12 bit A/D converter with a sampling frequency of 200 MHz (or 160 MHz clock if de-
sired). Due to signal path limitations in the Dutch stations only 48 dual-polarized or 96 single-
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Figure 2.7: Energy threshold in PeV (left) and the event rate per day (right) are shown as a function
of the number of particle detectors, which have registered at least one particle. Two possible trigger
conditions are indicated with the dotted lines.
polarized antennas can be processed at a given time. For the dual-polarized option the antennas
are grouped into an inner and an outer set, which has to be chosen before an observation.
For astronomical observations the data are then beam-formed and sent to the central pro-
cessing facility. In addition, there is the possibility to store a snapshot of the original data.
Every station is equipped with ring-buffers, the so called Transient Buffer Boards (TBBs).
These continuously store the last 1.3 s of raw data (an extension to 5 s is currently being de-
ployed). When triggered, the contents of the TBBs are frozen, read out via the Wide Area
Network and stored on disk for further analysis. The trigger can be generated based on various
parameters in a Field Programmable Gate Array (FPGA) at the local receiver unit. Alterna-
tively, the trigger can be generated by an array of particle detectors (section 2.2.2) or received
from outside of LOFAR. Currently, the main trigger for cosmic-ray observation is provided by
the particle detectors. Later, a radio self-trigger will be implemented, using the current dataset
as a training set to deduce trigger criteria, so that the FPGA trigger can be run independently at
every LOFAR station. These criteria have to reduce false triggers to limit the data rate. Using
every LOFAR station individually will dramatically increase the effective area.
Essential for measuring cosmic rays with LOFAR as a radio telescope is that the whole
process of triggering and storing radio-pulse data can take place without interfering with the
ongoing observations.
2.2.2 The LOFAR Radboud Air Shower Array
LORA, the LOFAR Radboud Air Shower Array, is an array of particle detectors co-located
with the center of LOFAR. The array provides a reconstruction of basic parameters of recorded
air showers, such as the direction and the position of impact, as well as the energy of the
incoming cosmic ray [115]. It also provides the time of arrival, which is used to trigger the
read-out of the radio antennas.
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LORA consists of 20 detector units distributed on the Superterp, as shown in figure 2.5.
Each detector contains two scintillators (0.45 m2, type: NE 114), which are individually read
out through a photomultiplier tube. The detectors are inside weatherproof boxes and have been
tested to not create any interference at radio frequencies.
Conditions at which triggers are sent to LOFAR can be adjusted to match the desired
energy threshold. There are two constraints on the desired rate: the rate of events interesting
for radio observations has to be maximized, while the network load on the LOFAR system has
to be kept low in order to avoid interfering with the primary observation. A trigger in a single
detector is generated when a particle signal of more than 4σ above the noise is registered. In
order to only detect air showers a coincidence of several detectors is needed. Events of less
than 1016 eV have a very low probability to be observable in radio above the sky-noise level.
The energy threshold and the corresponding event rate are shown in figure 2.7 as the function
of the number of triggered detectors. Requiring triggers in 13 detectors yields a threshold
energy of 2.4 · 1016 eV, with an average trigger-rate of 0.8 events/hour. This trigger rate has
been selected as the optimal setting for the observations.
2.2.3 Data acquisition at LOFAR
After the commissioning phase LOFAR is used on a proposal-based schedule. Proposals are
open to the community for imaging or beam-formed observations, as well as TBB observa-
tions. Some fraction of the observing time is reserved for participating consortia and key sci-
ence projects. The LOFAR key science project Cosmic Rays (CRKSP) is one of six LOFAR
key science projects.
To maximize the duty cycle TBB observations can be run in the background of all other
observations that do not need the full network bandwidth. This does however mean that the
array configuration is determined by the primary observation, therefore the amount of data in a
specific array configuration (such as the selection of LBA or HBA antenna type) available for
analysis is not determined by the cosmic-ray project itself, except when LOFAR is otherwise
idle and the observing configuration can be chosen freely.
During the observation, triggers from LORA are received by the LOFAR control system.
The system checks whether a dump from the TBBs is allowed. If so, the ring-buffers are frozen
and a specified block of data around the trigger time is dumped to disk. For each cosmic-ray
event 2.1 ms of radio data are stored, which corresponds to 77 MB per station. This provides
sufficient frequency resolution for high quality RFI cleaning while minimizing data transfer
and storage requirements.
Every evening, the data-files are archived at LOFAR and compressed for transport. They
are stored in the Long Term Archive [112], from where they can be retrieved for data analysis.
2.3 Complementarity of the two experimental set-ups
As discussed above, the two experiments from which data are used in this thesis are similar
in their set-up, but at the same time different with respect to several key aspects. In their
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Figure 2.8: The layout of LOFAR and AERA overlaid to scale in one figure. The black points belong
to LOFAR and the gray points belong to AERA. For LOFAR, only the core stations are shown and
remote and international stations at distances of more than 10 kilometers are omitted.
current status, both experiments cover a similar area, as shown in figure 2.8. They differ,
however, with respect to their structure in the antenna positioning. For LOFAR, the goal was
to avoid similar distances between antennas, in order to minimize artifacts for astronomical
observations, which use beamforming and imaging techniques. For AERA, however, similar
distances between antennas were desired in order to achieve a uniform coverage with antennas
and thereby a uniform effective area. While AERA is regularly instrumented with a total
of 124 antennas, LOFAR has more than 1000 antennas on a comparable area. This higher
density allows for more detailed studies of the signal pattern. However, as the antennas are not
equidistantly spread, the effective area is reduced. The effective area at LOFAR is presently
determined by the area that is instrumented with the particle detectors that act as a trigger, i.e.
the superterp. Still, the effective area is larger than only the superterp as the antennas outside
the superterp are also read-out in the case of a trigger. Air showers have been detected as far
as 2 km outside the superterp, which is comparable to the largest events detected with AERA.
Both radio arrays are used in parallel to other air shower detectors. AERA has the advan-
tage that the two baseline detectors deliver well-calibrated air shower measurements. With the
Fluorescence Detector a calorimetric measurement of the energy and a direct measurement
of the height of the shower maximum is available, with small systematic uncertainties. At
LOFAR, the array of scintillators acts as trigger and delivers an estimate of the energy, based
on air shower simulations. There is no independent measurement of the height of the shower
maximum. The resolution of the arrival direction of the cosmic rays is similar for the Surface
Detector and LORA. The position of the shower axis, however, is better resolved for LORA
than for the SD, due to the small spacing between the detectors. Where LORA delivers 5 m
for contained events, the resolution of the Surface Detectors is on average about 30 m.
The geographic characteristics, as well as characteristics due to the antenna hardware are
listed in table 2.1. Naturally, there are differences due to the location, however, there are also
differences due to design decisions, which influence the sensitivity of the measurements. The
magnetic field has a changed direction, which only influences the preferred direction from
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LOFAR AERA
Location
height above sea level 5 m 1564 m
strength of the Earth’s magnetic field 64.2µT 34.5µT
inclination of the Earth’s magnetic field 67.8◦ −35.7◦
ground conditions stable, wet stable, dry
Hardware
antenna alignment NS-EW, NW-SE (magnetic-) N-S, E-W
frequency range 10− 90 MHz 30− 80 MHz
110− 230 MHz
array configuration stable, selectable changing
Table 2.1: Properties of LOFAR and AERA that are based on the site of the observatories and the
hardware which is installed.
where air shower signals will more easily cross the detection threshold. The strength of the
magnetic field also affects the energy threshold above which events are detectable. As there
is roughly a factor of two difference in field strength between the sites, the energy threshold
is expected to be lower at LOFAR. An advantageous effect of the lower magnetic field at
AERA is the fact that sub-dominant contributions to the emission will be stronger relative to
the weaker geomagnetic emission.
A large difference is in the concept of the arrays. LOFAR is a radio-telescope, where
the detection of air showers is one science goal among others. Therefore, for example, the
antennas are not aligned with the magnetic field, but rotated by 45◦ to simplify calibration
for astronomical observations. Furthermore, the whole system is connected to a single clock
signal. This is necessary for interferometric observations, but is also an advantage for timing
studies of the air shower wavefront. Also, the configuration of the hardware of the array is
mostly stable. The same holds true for the triggering conditions. The operation policies of the
observatory restrict the number of triggers that can be sent per time interval and the selection
of antennas (high-band or low-band) that are available for a measurement. Most air shower
measurements are taken in parallel to the primary observation and the settings of the primary
observation have to be followed. When a trigger is issued there is no restriction on the amount
of data that can be read-out, as LOFAR is interfaced with broad-band connections. The options
for data transfer are also set up in such a way that there are (almost) no limitations on the data
volume.
In contrast, AERA has specifically been built for the detection of air showers. All hard-
ware and software can be tuned towards this goal and there are no restrictions on the number of
changes that can be applied to the system. Due to the location in Argentina, there are restric-
tions on the data volume that can be directly transferred for analysis to Europe. The trigger rate
of the array is limited by the bandwidth of the wireless and the antenna electronics themselves.
These operational differences are illustrated schematically in figure 2.9.
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CHAPTER 3
METHODS OF DATA ANALYSIS
Parts of this chapter have been published in:
Schellart, P. and Nelles, A. et al. (LOFAR Collaboration)
Detecting cosmic rays with the LOFAR radio telescope,
Astronomy & Astrophysics, Volume 560, id.A98, 14 pp.
Nelles, A. and Schellart, P. et al. (LOFAR Collaboration)
Measuring a Cherenkov ring in the radio emission from air showers at 110-190 MHz with
LOFAR
Submitted to Astroparticle Physics
While measuring the same kind of signals, the two experiments AERA and LOFAR are op-
erated within two different frameworks. The analysis of the data of the two experiments is
disjunct. From data-format and data-volume to the philosophy of the software framework,
there are a number of fundamental differences. The approach and logical steps in the data
analysis are however comparable. Here, emphasis will be put on the description of the recon-
struction procedure of the LOFAR data, as developing this framework was a main part of the
work for this thesis.
3.1 The Offline data analysis tools for AERA
All data from AERA are processed within the Auger software environment Offline, for which
an extension was written for radio. Its philosophy and strategies are extensively described
in [116]. Conceptually, the software differentiates between two parts. In the framework, the
components intrinsic to the detector are described and prepared in such a way that their influ-
ence can be corrected for. In the analysis modules, the actual reconstruction based on purely
physics characteristics is carried out.
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Figure 3.1: Interface to the Time Dependent Detector Database. All hardware deployed at AERA
has been individually measured and catalogued. The measurements are stored in a database, which is
available in the Offline reconstruction software. This figure shows the web-interface, which can be
used to visualize and correct the entries.
The main difference between the reconstruction for the data from the Surface Detector
and the radio part is that the analysis of the radio data is using the time domain, as well
as the frequency domain. All data structures are constructed to be able to contain Fourier-
transformed data (Fast Fourier Transformed, FFT) as well as the time domain. This also
means that hardware constants are frequency dependent and contain phase information, as
well as amplitude gains.
The radio stations are much more diverse than for example the SD, where only one type
of detector exists. In order to keep track of all the hardware changes and developments, a so
called Time Dependent Detector Database (TDDD) was created. It contains models of every
station in the field with the corresponding individual hardware measurements. For every hard-
ware item (antenna, filter, amplifier, ADC) frequency-dependent response maps are created,
which consist of the gain, as well as phase information per frequency bin. Stations are de-
commissioned when hardware is changed and recommissioned with new hardware models, as
shown in figure 3.1.
Additional databases exist for run configurations, hardware settings and excluded periods.
It is foreseen to merge all information and make it available for a common data analysis.
The analysis part of the software is completely customizable. From all the physics modules
available (based on C++), a module sequence can be created by using XML steering- and
configuration-cards. For a radio reconstruction, the most essential components are a module
for RFI cleaning, a routine that does a combined direction fit and the correction for the antenna
response, and a module that calculates the signal characteristics. The analysis task for AERA
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is currently establishing a standard reconstruction procedure (RdObserver). It seems however
rather difficult to define one reconstruction procedure that can meet all requirements. The
following challenges have to be addressed:
• The raw data volume (especially from self-triggers) is too large, to be made available in
real-time for analyses in Europe. The data-rate that can directly be transferred online to
Europe is strictly limited.
• A pre-selection needs to take place in Argentina that can follow several strategies:
– Ship a small set of high quality events to Europe, which are reconstructed to the
highest detail. Low-level analyses have to be carried out directly in Argentina and
are not possible on this set.
– Ship a medium sized set of events to Europe, which represents a good snap-shot
of the data and allows for a variety of analyses. It will however not contain the
most suitable information for high-level analyses and neither for the most low-
level analyses.
– Ship a large set of events to Europe, which are potentially not all cosmic-rays. No
reconstruction has been carried out apart from the pre-selection and every user can
apply very different analyses. This potentially requires the duplication of work,
when similar analyses are carried out.
• After having chosen a reconstruction strategy, other boundary conditions have to be
taken into consideration in a way that best fits the purpose of the reconstruction:
– A balance between up-sampling (increase of data-size, needed for accurate pulse
finding) and trace length (increase of data-size, needed for pulse and noise studies)
has to be found.
– The effectiveness of all modules has to be tested with respect to biases on the data-
set.
– The beacon lines (narrow-band signals emitted by a dedicated calibrator source
[117]) are needed for timing calibration, but are essentially noise for cosmic ray
signal studies.
– The trace length, the sampling frequency, trigger source and additional information
(scintillator) are different for the stations. A format needs to be found in which they
can be analyzed together, while retaining the individual advantages.
– A stable version of the reconstruction has to be chosen in order to avoid short-term
changes in the output.
These items illustrate that there will not be one correct strategy for the radio reconstruc-
tion, but rather one that has to be chosen and consequently optimized for the chosen purpose.
Potentially, more than one strategy has to be followed.
All reconstructions of AERA data follow the same general strategy, which is depicted in
figure 3.2. The tasks can be executed by different modules in the Offline software and it is
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Figure 3.2: General structure of the AERA reconstruction. Squares depict input and rounded squares
the analysis steps. These steps can be carried out by different modules, which are selectable in the
Offline software. Not all steps are required for a reconstruction.
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at the user’s discretion which one best suits the purpose. Most recent documentation for all
modules is available within the software.
3.2 The data analysis pipeline for LOFAR cosmic rays
All newly recorded LOFAR data are processed every evening, after having been copied via the
network to the processing cluster of the Astrophysics department at the Radboud University
Nijmegen. In addition to the HDF5 files (a tree-like file format [118]), containing the data of
one LOFAR station each, the recorded data from the particle detectors and a trigger log file
are transferred. With this information an automated pipeline is run. The pipeline is based on
the task oriented PyCRTools framework consisting of fast low-level C++ routines embedded in
Python for maximum flexibility. All results are stored in a PostgreSQL database for subsequent
data mining analysis. The goal of the processing pipeline is to autonomously identify a full set
of physics quantities for each air shower detected with LOFAR. The pipeline is optimized to
identify those nanosecond pulses that are not generated by terrestrial sources.
All data are first processed per station, i.e. per file. The set of files received for a single
trigger form an event. When the data from one station pass the criteria for containing a cosmic-
ray signal (see section 3.2.2), the corresponding event is called a cosmic-ray event. It is not
necessary to observe a pulse in all stations, only the stations with a significant signal are used
in a combined analysis.
The reconstruction pipeline comprises a number of steps that will be explained in the fol-
lowing sections. An overview of the steps and the overall structure is depicted in figure 3.3.
3.2.1 Preparing the data
Before proceeding to extract the cosmic-ray signal from the data, some preparatory steps have
to be performed. Knowledge about the system is applied in the form of calibration procedures,
the data are cleaned of narrowband-transmitters, and antennas that show malfunctions are
flagged.
There are known signal path differences between the LOFAR antennas. Measured dif-
ferences of cable lengths between the antennas are corrected for up to the 5 ns sample level
already at the stations before the data are written to disk. Additionally, relative time offsets
between the antennas are corrected for at sub-sample accuracy using standard LOFAR cali-
bration tables. These tables are generated by phase-calibrating on the strongest astronomical
radio sources and are regularly tested and updated if necessary [112]. Sub-sample corrections
are applied as phase offsets to the Fourier transformed signal in the cosmic-ray pipeline, before
processing it in the data analysis.
RFI cleaning
Narrow-band RFI in the time series signal can be revealed by making an average power spec-
trum. An example is shown in the top panel of figure 3.4, where most of the strong RFI is
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Figure 3.3: General structure of the analysis pipeline. Rectangles represent input and rounded squares
are processing steps.
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Figure 3.4: The average spectrum of a typical LBA event. Left: The raw data with flagged contami-
nated channels. Right: The cleaned spectrum, clipped to 30− 80 MHz.
visible outside the 30 − 80 MHz range. The average power spectrum is created by averaging
the square of the absolute value of the Fourier transform over several blocks of data. The block
size can be freely chosen within the full data length to obtain a desired frequency resolution;
here 216 samples are used, giving a resolution of∼ 3 kHz, enough to resolve most RFI lines. A
reasonable data length is needed for this procedure to produce a stable average, which sets the
limit for the chosen block length to be stored from the TBBs. In order to minimize artificial
side lobes a half-Hann window is applied to the first and last 10% of each trace prior to the
Fourier transformation.
The standard approach to RFI cleaning (or RFI flagging) is to identify peaks sticking out
significantly above the overall spectral shape, also called the baseline, and set the correspond-
ing Fourier component amplitudes to zero. However, this requires ‘a priori’ knowledge of the
baseline. While the baseline can be obtained through a smoothing or fitting procedure, this is
often not stable in the presence of strong RFI, requiring an iterative approach.
An alternative approach to RFI cleaning uses the phase information in the complex-valued
spectrum instead. If an RFI transmitter is measured in all antennas, the phase difference, or
relative phase, between each pair of antennas will be a constant value as function of time with
a small non constant random noise contribution. Note that the exact value of the constant,
which only depends on the geometric delay between antennas, is not relevant, only its non
time-varying nature. When no transmitter is present, the relative phase is expected to be both
random and time varying, as the signal then consists of the added signals from many incoherent
sources on the sky with additional random noise. Therefore, RFI can be identified by looking
at the stability of phase differences between antennas over time. For each antenna-dipole
j = 0, 1, . . . , 95 in a station and data block k, the phase spectrum is calculated as
φj,k(ω) = arg(xj,k(ω)), (3.1)
where xj,k(ω) is the complex frequency component ω of the spectrum.
Subtracting the phase of one of the antennas as reference antenna gives the relative phases
and results in a set of phases for every frequency channel, one for each block of data. Only one
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reference antenna is used and this is taken to be the one with median power to avoid selecting
a broken antenna.
The average phase is defined as
φ¯j(ω) = arg
(
N−1∑
k=0
exp(iφj,k(ω))
)
, (3.2)
and the phase variance as
sj(ω) = 1− 1
N
∣∣∣∣∣
N−1∑
k=0
exp(iφj,k(ω))
∣∣∣∣∣ , (3.3)
where N is the number of data blocks.
For completely random phases one expects sj(ω) ≈ 1 as opposed to sj(ω) = 0 when all
phases are equal. The phase variance per frequency channel will now either be at a value close
to 1, including some random ‘noise’, or at a significantly lower level. The latter reveals the
presence of a radio transmitter.
Since RFI lines will result in peaks toward smaller values of the phase variance, and noise
has no preferred peak direction, calculating the standard deviation σ in this plot only for values
above the median will ensure a stable result. All frequencies that have a phase variance of
at least 5σ below the median1 are flagged as containing RFI. Additionally a 30 − 80 MHz
bandpass filter is applied, flagging the most heavily RFI polluted low and high frequency parts
of the bandwidth by default. To prevent pulse-ringing the 30 − 80 MHz block filter is first
convolved with a, σtapering = 2.5 MHz, Gaussian2.
Flagging bad antennas
Occasionally, one or more antennas give invalid signals, e.g. due to hardware malfunction. To
identify these bad antennas the integrated spectral power is calculated
P =
∫ 80 MHz
30 MHz
|x(ω)|2dω, (3.4)
where x(ω) is the ω frequency component of the cleaned spectrum. The power in every antenna
is required to be in the range of one half to two times the median power of all antennas.
Antennas outside this range are marked as bad and excluded from further analysis.
Absolute gain calibration
There are ongoing efforts for an absolute calibration of the voltage traces of LOFAR and there-
fore the reconstructed electric field. Those efforts will be described in a forthcoming publica-
tion and include calibration on astronomical sources, terrestrial transmitters, and already con-
ducted dedicated measurement campaigns, similar to those performed at other experiments,
1Assuming a Gaussian distribution, σ can be estimated by sorting the data points, and comparing the value at
95 percentile to the median. This difference amounts to ∼ 1.64σ.
2This effect also occurs when flagging large blocks of RFI but this does not happen in practice and so no
tapering window is applied for this case.
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Figure 3.5: Integrated spectral power normalized to the bandwidth, after RFI cleaning, as a function of
local sidereal time for the X (NE-SW) (top) and Y (NW-SE) (bottom) instrumental antenna polariza-
tions. Also shown is the fitted second order Fourier transform (solid line). The uncertainties on the data
still include systematic effects due to the set-up itself, as well as possible artifacts of the RFI cleaning,
when having certain frequencies that are contaminated in a significant fraction of the data.
e.g. [119]. Once implemented, the reconstruction pipeline will deliver calibrated electric field
strengths and their polarization components for all events. However, significant progress in
understanding the mechanisms of radio emission in air showers can already be made with a
relative calibration.
Relative gain calibration
The LBA measurement is dominated by sky noise, which in turn is dominated by the Galaxy
moving through the antenna beam pattern. Therefore, the noise as seen by each antenna is a
function of the Local Sidereal Time (LST) and can be used to correct for differences in gain
between antennas. Instead of correcting all antennas at all times to a fixed value, which would
be over- or underestimating the noise at certain times, the received power can be normalized
to a LST-dependent reference value. In figure 3.5 the integrated spectral power (equation 3.4),
after RFI cleaning, is given as a function of LST for the instrumental polarization X and Y .
The data have been retrieved from all cosmic-ray events measured within the first year of data-
taking. One can define a reference value for the integrated spectral power as a function of
LST by fitting a function to these data points. Since the movement of the Galaxy through the
antenna beam pattern is periodic by nature it is fitted with the 2nd order Fourier series
Pref(t) =
a0
2
+
2∑
n=1
an sin(nt) + bn cos(nt). (3.5)
The time t is given in units of radian here. This results in a gain correction for each antenna as
x′(ω) =
√
Pref(t)
P (t)
x(ω), (3.6)
where the square root is needed, because the correction is applied to the amplitude spectrum.
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Figure 3.6: Difference in time between the time of a pulse identified in the radio signal and the trig-
ger time set by the signal in the particle detectors. This plot shows the distribution summed over all
Superterp stations.
3.2.2 Identifying cosmic-ray signals
After cleaning and calibration of the data, the central element of the pipeline is the identifica-
tion and characterization of the radio pulse as the signal of the air shower.
Using information from the particle detectors
In order to restrict the search for the radio pulse to a smaller region in the trace, the information
from the trigger time of the particle detectors is used. Figure 3.6 shows the difference in time
between the trigger from the particle detectors and the pulse location in the radio data obtained
from a search with a large window. The distribution shows a clear peak at the region of the
coincidences at an offset of 253 ns with a width of 168 ns. In absolute timing the offset between
LORA and LOFAR is 10253 ns, of which 10000 ns are already accounted for in the triggering
system.
The average offset is obtained by fitting a Gaussian to the distribution of pulse positions
with respect to the trigger time. This is only an approximation, as the distribution is asymmet-
ric and the real offset per event depends on the position of the core and the incoming direction
of the air shower. Also, effects due to the propagation of particles and radiation in the atmo-
sphere can play a role. In order to estimate the overall difference, which is due to the fact that
both detectors operate independently on different timing systems, this method is, however,
sufficient. Both systems are based on GPS timing, but correct for drifts (< 20 ns) in different
ways and have a differing absolute time. The spread on the differences is however sufficiently
small for Superterp stations to not require additional synchronization of the two systems. Sta-
tions further away can have larger offsets due to the signal travel time, which can be corrected
for after a reconstruction of the shower.
These measurements allow for the pulse search to be restricted to a small fraction of the
full time trace, limiting the chance to pick up random noise fluctuations.
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Finding candidate events
The trigger threshold of the scintillator array is chosen to be lower than the threshold to detect
a radio signal. This ensures a full sample, but also makes it necessary to identify in a first
quality check whether there is a detectable signal present. Therefore, per antenna polarization,
the signals are first beamformed in the direction reconstructed from the data of the particle
detectors. This direction is given in the local Cartesian coordinate frame of the station by ~n
and the position of each antenna j is given by ~rj . A planar wavefront arriving at the phase
center (0, 0, 0) at time t = 0 will arrive at antenna j with a delay given by
∆tj = −1
c
~n ·~rj
|~n| = −
1
c
eˆn ·~rj, (3.7)
where c is the speed of light. The beamformed signal, in frequency space, in this direction is
then given by
xbf(ω) =
Na∑
j=0
xj(ω)e
2piiω∆tj , (3.8)
where xj(ω) is frequency component ω of the Fourier transform of the signal from antenna j
and Na is the number of antennas. The inverse Fourier transform gives the beamformed time
series signal. Due to beamforming any signal coming from the direction of the air shower is
amplified by a factor Na in amplitude while uncorrelated noise is only amplified by a factor√
Na. Therefore, if no significant signal is detected in the beamformed trace, the event very
unlikely contains a cosmic-ray signal strong enough to be detected at single dipole level by the
rest of the pipeline. Thus, the analysis of the data of that station is aborted.
To test this assumption, figure 3.7 shows the distribution of the peak amplitude in the beam-
formed signal per station, distinguishing between events in which ultimately an air shower
was identified and those in which there was not. The peak amplitude is normalized by the
root mean square of the trace, as a proxy for the noise contribution. From this it can be seen
that the fraction of events where a strong signal is observed in the beamformed trace is sig-
nificantly higher for stations where eventually an air-shower signal is detected. All events in
the tail of the non-detected distribution were visually inspected and identified as broad-band
RFI, with pulses differing significantly in shape from those of cosmic rays and directions ulti-
mately deviating significantly from the direction as measured with the particle detectors. This
distribution shows that an initial filtering based on a moderate signal-to-noise of beamformed
pulses is a quick and effective way to filter out those events that are potentially interesting,
as well as further narrowing the search window per antenna reducing false positives for pulse
detection.
Correction for the antenna response
The sensitivity of the LOFAR low-band antenna is a complex function of both frequency and
direction. Correcting for this antenna pattern, i.e. unfolding, requires an initial guess for the
pulse direction and in turn may influence the position of the pulse in time and thus the direction
by changing the phase at which each frequency arrives. Therefore the correction has to be
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Figure 3.7: Distribution of the signal-to-noise ratio (S/N) of the traces after initial beamforming. The
S/N is defined the ratio of the peak amplitude of the beam-formed trace and the RMS of this trace. Two
cases are separated: a cosmic-ray event was ultimately detected by the pipeline (solid histogram) or not
(dashed histogram). The initial cut, which is applied in the pipeline, is indicated by the dotted line.
done in an iterative loop as indicated in figure 3.3. Each iteration starts with an increasingly
accurate signal direction and proceeds by unfolding the antenna pattern, pulse detection, and
direction fitting. The loop is concluded when the direction no longer significantly changes,
which usually happens in less than ∼ 5 iterations.
For the antenna pattern of the LBA a simulation is used, which is made using the software
WIPL-D [120] and a customized software model of the electronics chain.
From the impedance and radiation pattern in a transmitting situation the open circuit volt-
age is calculated as a function of frequency and direction for an incoming plane wave with an
electric field strength of 1 V/m. The equivalent circuit of the antenna in a receiving situation is
a voltage source with an internal resistance equal to the antenna impedance. This is combined
with measured data of the amplifier directly behind the antenna. The result of the model is the
output voltage of the amplifier over a 75 Ω resistor3.
Any wave coming from a direction eˆn can be seen as a linear superposition of monochro-
matic plane waves, polarized in the eˆφ and eˆθ direction. Here φ and θ are the standard spherical
coordinate angles with the x and z axis respectively, e.g.
~E(t) =
∑
ω
(Eθ,ωeˆθ + Eφ,ωeˆφ) e
−i(k~n·~x+ωt). (3.9)
This geometry can be seen in figure 3.8.
These terms are related to the output voltage of the amplifier for each dipole, and for each
frequency, via the Jones matrix J [121, 122] of the antenna model(
VX
VY
)
=
(
JXθ JXφ
JY θ JYφ
)(
Eθ
Eφ
)
, (3.10)
3Matched to the impedance of the coaxial cables connecting the antenna to the station electronics cabinet.
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Figure 3.8: On-sky polarization coordinate system (eˆθ, eˆφ, eˆn). Also depicted is the (north, east,
zenith) coordinate system of the simulations, where the unit vectors (eˆx, eˆy, eˆz) correspond to the x, y
and z-axis, respectively. Furthermore the dipole antennas X and Y are shown.
where JXθ is the complex response of the antenna and amplifier of the X-dipole to a wave
purely polarized in the eˆθ direction.
Therefore, in order to both correct for the antenna response and convert from output voltage
to electric field strength in the on-sky frame (see Sect. 3.2.3), each pair of Fourier components
from the signal in the two instrumental polarizations (X ,Y ) is multiplied by the inverse Jones
matrix, followed by an inverse Fourier transform back to the time domain.
The components of the Jones matrix of the antenna model are simulated on a grid with
steps of 1 MHz in frequency, 5◦ in θ and 10◦ in φ. In order to obtain the components at the
frequency and direction of observation, trilinear interpolation is performed on the real and
imaginary parts of the complex table when needed. Examples of the response are depicted as
a function of frequency in figure 3.9 and as a function of direction in figure 3.10.
Pulse detection
Estimating the direction of the incoming air shower, see Sect. 3.2.2, can either be done using
beamforming or through pulse timing. Beamforming was found to be very sensitive to the
optimization algorithm used, essentially requiring a grid search to avoid getting stuck in a
local minimum. This is computationally very expensive, moreover it only provides relative
time differences between any two antennas rather than an absolute time needed for extraction
of relevant physical parameters (see Sect. 3.2.3).
In order to use pulse timing, individual pulses have to be identified. This can be done by
using the cross-correlation method, where one looks for the maximum in the cross correlation
of the signals between all antennas. This however has the same drawback as beamforming, as
only relative timing is calculated. A method to retrieve the absolute pulse timing is through
the use of the Hilbert envelope, which is used in the reconstruction strategy that is used for this
thesis.
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Figure 3.9: Jones matrix components of the antenna model amplitudes (left) and phases (right) for a
dipole receiving a wave polarized in the eˆθ direction (circles) and a wave polarized in the eˆφ direc-
tion (stars) for an arrival direction of φ = 345◦, θ = 50◦. Also plotted, as the dotted lines, are the
interpolated values.
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Figure 3.10: An example Jones matrix component describing the dipole response, at 60 MHz, |JX,θ|
in the form of the output Voltage (∆V ) as a function of direction for an incoming wave that is purely
linearly polarized in the eˆθ direction.
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Figure 3.11: Time trace of an air shower signal as measured with a low-band antenna.The solid light
line shows the up-sampled signal. Overlaid is the Hilbert envelope and the RMS noise in black dashes.
A pulse is accepted whenever the signal to noise ratio exceeds three.
A sensible definition of the pulse arrival time is the measured arrival time of the maximum
of the electric field strength. In practice, however, using directly max(|x(t)|2) is highly de-
pendent on the filter characteristics of the receiving system and the sampling used. Therefore,
the arrival time is defined as the position of the maximum in the amplitude envelope of the
analytic signal, also called the Hilbert envelope
A(t) =
√
x2(t) + xˆ2(t). (3.11)
Where xˆ(t) is the Hilbert transform, or imaginary propagation, of the signal x(t) defined by
F(xˆ(t))(ω) = −i · sgn(ω) · F(x(t))(ω) (3.12)
where F denotes the Fourier transform.
In order to find the pulse maximum with subsample precision, the signal is first up-sampled
by a factor 16, such that the maximum search will not be the limiting factor in the timing
resolution. Subsequently, a simple maximum search is performed on the envelope. In addition,
the signal-to-noise ratio is calculated where the signal is defined as the maximum and the noise
as the root mean square of the envelope. An example can be seen in figure 3.11.
This maximum search is performed on each of the on-sky polarizations Eθ(t) and Eφ(t)
separately and any pulse with a signal to noise greater than three is marked as a possible
cosmic-ray signal to be used for direction fitting. Because the pulse is usually stronger in one
of the two polarizations, depending on the angle between the shower axis and the geomag-
netic field, the polarization with the highest average signal to noise (over all antennas) is first
identified and only its maximum positions are used for the subsequent direction fit.
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Figure 3.12: Average residual delays derived from a plane-fit to data (left) and from random samples
in the search window with respect to a horizontal shower front (right). The vertical line indicates the
cut value derived from the simulated distribution, which is applied to the data.
Arrival direction fitting
As described above, every station is processed separately, meaning that the data do not provide
a large lever arm for direction fitting. However, it also means that the actual shape of the
shower front is an insignificant factor in the direction fitting. For a measurement with a single
station, which has a maximum baseline of 80 m, the shower front can be approximated by a
plane wave. Thus, to determine the arrival direction of the cosmic ray a planar wavefront is
fitted to the arrival times of the pulses.
This method assumes that essentially all antennas are on a single plane, which certainly
holds for all LOFAR stations as the ground was flattened during construction. Given a vector
of arrival times t, and the vectors x and y for the coordinates of the antennas, the best fitting
solution for a plane wave:
ct = Ax+By + C, (3.13)
can be found using a standard least squares approach. From A and B the Cartesian directions
φ, θ can be extracted as:
A = sin(θ) sin(φ), (3.14)
B = sin(θ) cos(φ). (3.15)
The plane wave fit itself is done in several iterations. After a fit is performed the residual delays
are investigated and those antennas that have residual delays larger than 3 times the standard
deviation on the residual delays, are removed from the set and the data are refitted. The fit is
terminated when there are less than four antennas left in the set or if no further antennas need
to be removed. For this best direction all residual delays, including those of removed antennas,
are calculated again and used for quality cuts later.
There are several quality criteria in the pipeline related to the plane wave fit. If the fit
fails, a station is not considered further. In addition, a cut is made on the remaining average
residual delays with respect to the expectation of the best fit. This cut can be derived from the
distribution of all occurring plane wave residual delays, as shown in the left panel of figure
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Figure 3.13: Difference in reconstruction between Hilbert Envelope and Cross Correlation. The dif-
ferent quality of the reconstruction is illustrated by plotting the fraction of the numbers of antennas N ,
identified by each method, with respect to the residual that was found in the plane wave reconstruction.
For values above one the Hilbert Envelope identified more antennas, which is the case for the desired
correctly identified signals, which can be found below 20 ns.
3.12. The first peak with events of an average residual delay of less than 10 ns corresponds
to excellent events, in which a clear air-shower pulse can be identified in all antennas. The
largest peak corresponds to all those events in which random noise fluctuations are identified
as a pulse. This can be illustrated by a small Monte Carlo simulation. A random sample
is picked from the range of the search window and its residual to the middle of the search
window (corresponding to a vertical shower) is calculated. This results in the distribution in
the right panel of figure 3.12. The peak in the distribution obtained from data and the Monte
Carlo distribution are centered around the same value and can therefore be identified with each
other. Second order effects, being the directions of the air showers and non-infinite sampling,
can influence the shape of the peak. The longer tail of the first peak (up to about 50 ns)
corresponds to events that have some antennas with correctly identified pulses and varying
numbers of outliers, i.e. antennas where a random pulse is identified.
Therefore one can safely choose the value 90 ns as a first cut for good cosmic-ray events.
Further cuts for higher quality events or stations can be applied in later analyses.
The plane wave fit results now also provides a justification of the choice of the Hilbert
envelope as the method for pulse timing, as opposed to cross correlation. Figure 3.13 shows
the ratio of the number of antennas in which a pulse has been identified by either method
with respect to the remaining residuals on a test-set of randomly chosen events that contain a
cosmic-ray signal. The distribution clearly shows that the Hilbert envelope finds significantly
more signals in the first bin, i.e. in the correct bin with small residuals. In general, cross
correlating is expected to be better for pulses with lower signal-to-noise ratio. For pulses
with a high signal-to-noise, however, the Hilbert transform performs more accurately. When
using the Hilbert envelope, the position of the maximum is only determined by the recorded
individual pulse, whereas the peak of the cross correlation is determined by the degree to which
two signals correlate. This degree of correlation can be influenced by correlations in the noise
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(for instance residual RFI) or lacking similarity of the pulse shape between antennas, thereby
making the cross-correlation less accurate for timing of pulses with a high signal-to-noise ratio.
3.2.3 Coordinate Transformation
After the antenna pattern unfolding cycle completes with a successful direction fit for a given
station, the electric field components in on-sky polarizations Eθ(t), Eφ(t), and the shower
arrival direction ~n are known. However, to compare measured data to air-shower simulations
the three-dimensional electric field at ground level
~E(t) = Ex(t)eˆx + Ey(t)eˆy + Ez(t)eˆz (3.16)
is needed, where eˆx, eˆy and eˆz form the right handed coordinate system pointing east, north
and up, respectively. This geometry is illustrated in figure 3.8.
Assuming the signal has no electric field component in the propagation direction −eˆn, this
follows from a simple rotation (Ex, Ey, Ez)T = R · (Eθ, Eφ, 0)T , with the rotation matrix
R =
cos θ cosφ − sinφ sin θ cosφcos θ sinφ cosφ sin θ sinφ
− sin θ 0 cos θ
 . (3.17)
Note that this assumption is only an approximation, since the signal is measured in the
near field of the shower and the source is moving. However, these are second order effects
and the Eθ(t) and Eφ(t) components are expected to dominate over the En(t) component [50].
Moreover, since LOFAR uses a dual polarization set-up it is not possible to extract the En(t)
component of a linearly polarized signal.
The pipeline concludes by storing pulse parameters for each antenna in the projected di-
rections.
3.2.4 Extracting Pulse Parameters
In addition to the shower arrival direction, obtained from pulse timing, two more parameters
are extracted: for each antenna the peak amplitude and integrated power of the pulse are
calculated.
Without multiplicative unit conversion factors, ignored for the current lack of absolute
calibration, the integrated pulse power is defined through the integration of the instantaneous
Poynting vector and the electric field strength as:
P =
∑
k
Pk ∝
∑
k
∫
∆t
|Ek(t)|2dt, (3.18)
where k = (x, y, z) are the polarization components of the electric field and ∆t is taken as a
symmetric window around the pulse maximum.
This is calculated in discrete sampling xi as
Pk =
1
f
(∑
signal
|xi|2 − Nsignal
Nnoise
∑
noise
|xi|2
)
, (3.19)
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where f = 200 MHz is the sampling frequency and Nsignal and Nnoise are the number of
samples in the signal and noise windows, respectively. The noise window consists of the full
327680 ns block excluding the pulse window, which is set to 55 ns.
3.2.5 Adaptations for data from high-band antennas
Due to the different hardware and other dominant contributions to the background there are
some differences in the reconstruction of the data from the high-band antennas.
Non-removable background
The HBAs are no longer dominated by the diffuse sky noise. In addition to the system noise,
some astronomical sources introduce measurable signals in every single tile, most evident
for bright sources such as Cas A or Cyg A. This means that the background noise in HBA
observation is neither uniform nor independent of the direction of observation, which does not
allow a relative calibration as it is done for the LBA data.
With dedicated on- and off-source observations it was established that the noise-level will
vary at most 15% due to different background sources, which reduces the sensitivity for cosmic
ray observations. However, due to their brightness these sources are not a common target for
HBA observations.
Gain corrections
The HBA antennas are not read out individually but rather in tile-groups of 16 antennas after
analogue beamforming. In order to minimize artefacts in interferometric images, all indi-
vidual HBA sub-stations are rotated at different unique angles. While the antenna elements
within a tile are counter rotated by the same amount in order to observe the same polarization
component, the grid of 16 elements is oriented with the sub-station orientation. This gives a
different tile sensitivity pattern for each HBA sub-station, resulting in different gains between
sub-stations within one single air shower.
To illustrated the complexities involved, figure 3.14 shows the influence of the analog
pre-beamforming on a pure cosmic ray signal, without background noise, obtained from a
CoREAS simulation. Here, the power gain
GP = 10 · log10
(
Pout
Pin
)
(3.20)
is given as a function of the cosmic-ray arrival direction for two HBA sub-station orientations
and two beam directions. The simplest pattern is obtained for a beam pointing towards zenith,
where the delay corrections are zero and the signals from the individual antennas are simply
added. The gain pattern is in this case solely the result of delays introduced by the arrival
direction of the cosmic ray. However, for many LOFAR observations the beam is not pointing
towards zenith, but rather towards some astronomical object. A frequently occurring pointing
is towards the equatorial North Celestial Pole, which is given as a second example. While
the beam shapes for tiles in two sub-stations look similar, there are significant differences
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Figure 3.14: Influence of the pre-beamforming applied at the HBA tile-level. Shown is the the resulting
gain in power for tiles located in one of the two sub-stations making up an HBA core station for a beam
pointing towards local zenith in figures (a), (c) and the North Celestial Pole in figures (b), (d). Figures
(e) and (f) show the respective differences in gain between the two sub-stations. These differences
result in offsets between the measured signal strength in different sub-stations depending on the shower
arrival direction.
3.2. The data analysis pipeline for LOFAR cosmic rays 55
as depicted in the bottom row of figure 3.14. These differences translate into differences in
observed pulse amplitude of up to a factor of ∼ 15 between tiles in two different sub-stations
depending on the shower arrival direction. This means that while the beamforming always
introduces an additional gain for cosmic rays arriving from the direction of the beam (< 20◦),
the effect of the beamforming for off-beam cosmic rays will not be the same for every tile.
While some signals might still be enhanced, others will be reduced to essentially noise-level.
The exact differences depend on the shape of the pulse and on the frequency response of
the electronics. Furthermore, the complex direction and frequency dependent response pattern
of the individual elements needs to be taken into account as well. Crosstalk between antenna
elements, due to the close spacing within a tile, requires a response pattern per element as the
patterns will be slightly different. Such a precise antenna model is still to be developed.
Therefore, differences between tiles due to beamforming and antenna pattern are not cor-
rected for in the present analysis. As a consequence of this, comparisons to simulations are
currently only possible when the cosmic-ray arrival direction is within the main beam.
In addition to the beam effect, there are intrinsic differences between stations and tiles.
Gain differences between tiles within a station are corrected for using standard LOFAR calibra-
tion tables. These tables are generated regularly using the algorithms described in [123, 124].
The effect of possible gain differences between stations was tested, using data from the HBA
part of the LOFAR MSSS survey [125]. From the pre-processed data of this survey in which
optimal solutions for differences between stations are stored per observation, it becomes ap-
parent that there is some scatter between stations, but the averages of the individual correction
values are within 5% of each other. However, since these differences are not completely stable
over time they are not corrected for in this analysis. This introduces a 5% uncertainty on the
pulse amplitudes measured in different stations.
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The radio signals expected from extensive air showers are short, broadband pulses with
a characteristic frequency spectrum. In the measurement ranges for AERA and LOFAR
(10− 190 MHz) the pulses have to be detected in an environment that creates a non-negligible
amount of confusion background. Two types of background have to be distinguished: sources
of short pulses that mimic air-shower pulses and sources of continuous broad- or narrow-band
signals that contribute to an increased power in the background. The challenges due to back-
ground contribution are the same for all radio experiments. However, the detailed characteris-
tics of noise sources are very location dependent. Also, the problems they introduce, depend
on the type of data that will be taken. For a system that triggers based on the radio-signal itself,
the pulsed noise will be more important than for systems with an external trigger.
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In this chapter, we describe an initial survey of both types of background at the AERA
site and an automated tool that can monitor the background situation as well as the hardware
performance. Furthermore, we shortly summarize the background situation at LOFAR.
4.1 Radio interference at the AERA site
After AERA I was deployed in September 2010, first tests following the deployment were
conducted. Natural and man-made noise sources are described and catalogued in the following
sections.
4.1.1 Measurement set-ups
Both the AERA stations themselves and specialized antenna set-ups have been used for these
initial measurements. All AERA stations were run for a number of months with a simple
threshold trigger. This allowed for a first detailed overview of the existing background of
pulsed interference. Calculations are made on the raw data, implying that no correction for the
full detector chain were made based on measurements of the hardware. Thus, all data from
AERA itself are given in detector units (ADC or a.u.).
Additional independent measurement set-ups were installed in order to cross-check the re-
sults obtained directly with AERA. A directional antenna (rotatable LPDA mounted horizon-
tally on a pole) was set-up to determine the direction of the continuous narrowband sources
seen at the site. To extend the frequency range up to 300 MHz, an additional antenna plane was
integrated in the structure. This allows one to chose any frequency range from 1 − 300 MHz,
depending on the sampling frequency of your read-out electronics. In order to perform con-
tinuous measurements over several days, a reference antenna has been mounted close to the
Central Radio Station (CRS), which consists of a regular AERA antenna, but no station elec-
tronics are used. The amplified signals are read-out via a Rhode & Schwarz FSH3 spectrum
analyzer placed inside the CRS. Table 4.1 gives an overview of the different methods used and
their measurement capabilities.
Setup Range [MHz] Domain Measurement
AERA Stations 30− 80 MHz time self-triggered or minimum bias
Directional Antenna 1− 110 MHz frequency azimuthal directivity, continuous
LPDA + spectrum analyzer 1− 110 MHz frequency continuous
Table 4.1: Measurement equipment used for the background studies and their individual capabilities.
Both additional test set-ups confirmed the findings that were obtained using only AERA
self-triggered and minimum bias data. Thus, in the following sections only the results directly
retrieved from AERA data will be discussed.
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Figure 4.1: Average spectrum measured with a station from AERA I shortly after deployment. It shows
the presence of narrowband transmitters.
4.1.2 Narrowband sources
Figure 4.1 shows an overview of the narrowband RFI sources at AERA. This spectrum is
derived from 10 s triggers, i.e. unlikely containing cosmic ray pulses, and averaged over 3
hours. The large scale features of the spectrum are dominated by the bandpass filter. The
cutoffs at around 30 MHz and 80 MHz are a result of the filters used in AERA to reject the
FM and shortwave radio bands. The ripple in the pass-band reflects the filter characteristics
and the frequency- dependent sensitivity of the antenna.
In the pass-band, some characteristic transmitters are visible. Below 40 MHz periodically
occurring emitters are visible, which are the cause of periods of increased interference. At
around 55 MHz a regular, but unidentified emitter is present, which contributes relatively little
power. Finally, at 67.4 MHz at very strong frequency modulated line is visible, which was
identified to be from the direction of the town of Malargüe. It is predominant in the east-west
polarization of the antenna. In newer measurements, three additional peaks are visible in the
spectrum. They are due to the beacon that was installed by the AERA group. It transmits
three frequencies, which allow for time-calibration of the stations by using the stability of the
relative phases [117]. As they have a known frequency and are not modulated, the signals are
relatively easy to remove from the measured spectra [126].
Narrowband interference adds to the noise floor and decreases the signal-to-noise ratio for
pulse detection. However, as long as the electronics are not saturated by the noise, the AERA
stations can digitally remove this interference before triggering, using time-domain notch fil-
ters. The AERA stations are capable of implementing several such filters simultaneously.
Regularly occurring transmitters therefore do not affect the detection threshold.
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4.1.3 Broadband sources
The dominant contribution to the broadband background is expected to be our Galaxy. In
particular, the center of the Galaxy is a very strong radio source, thus the transit of the center
of the Galaxy over the AERA array should be visible. The maximum should occur every
sidereal day. A sidereal day is about 23 h and 56 min, which means that the maximum amount
of noise should be visible at a slightly different time every day. In sidereal time the Galactic
Center will rise in Malargüe at about 10:10 Local Sidereal Time (LST), reach its maximum at
17:45 LST and will set at 01:15 LST. We do not consider the shadowing effect of the Andes,
which might decrease the time of visibility.
The contribution of the Galaxy can indeed be observed in more than one way. One way
is shown in Figure 4.2. Here the frequency spectra of all 10 s-traces from a measurement run
of over five days are shown together in one histogram. A periodic variation, especially in the
lower frequencies, can be observed. The period of this variation is in the order of a day and its
maximum coincides with the expected maximum of the Galactic Center. What is also nicely
visible in this figure, are the different responses between the two perpendicular channels. The
shape of the Galactic contribution varies due to the different position of the emission region
with respect to the sensitivity pattern of the antenna. A fully correct unfolding of the antenna
pattern should correct for this effect.
A different way to observe the Galaxy in AERA data is to track the root mean square
(RMS) of each time-trace from the 10s triggers. In Figure 4.3, the RMS as a function of time
is shown. The same periodic variation can be seen. The large spikes in the RMS distribution
are caused by large pulses or short burst of RFI pulses that have been caught in the 10 s-traces
by coincidence. It was estimated from run of five days that 90% of the recorded minimum
bias traces do not show such a contamination, i.e. they show a RMS that is not higher than the
average RMS plus five times the spread that is expected of a quiet period.
In order to test whether the observed oscillation is indeed caused by the Galaxy, such an
RMS study has been performed for different times. As apparent when comparing the top and
bottom plot of figure 4.3, the oscillations are out of phase in local time (or UTC) time. They are
in phase in Local Sidereal Time, which is constant with respect to the position of the Galaxy
as seen from Earth.
From this one can conclude that the Galactic noise is the dominant contribution to the noise
floor at the AERA site. Also, the antennas were successfully designed in such a way that they
are sky noise rather than system noise dominated.
4.1.4 Transient broadband noise
With AERA itself sources of transient noise can be identified. The amount of pulsed noise at
the AERA site is significant. We discuss the situation with special emphasis on characteristics
that will allow us to suppress these noise sources.
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Figure 4.2: Dynamic spectrum recorded with station of AERA I. The amplitude of the spectrum is
depicted as a function of local sidereal time. The top figure shows the spectrum as recorded with the
north-south channel of the station, the bottom figure the east-west channel. The galactic contribution
is visible as periodic increase. Narrowband transmitters are horizontal lines. The figure contains data
from a period of five consecutive days.
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Figure 4.3: Comparison of the RMS derived from minimum bias data of two data-taking runs in 2010.
The top plot shows the RMS as function of universal coordinated time (UTC) and the bottom plot the
function of local sidereal time (LST). The influence of the Galaxy is a function of LST. Every bin of
this histogram corresponds to one recorded trace.
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Figure 4.4: Differences in time between successive triggers on station level. Data are shown from a sin-
gle station as an example. The characteristics for other stations vary slightly, are however comparable.
The distribution shows structure that is not excepted from random noise.
Station level triggers
As previously described, there are two types of triggers formed: one on station level and
another for coincidences between stations. The first level will be most severely affected by
RFI. However, the data acquisition system only records voltage traces for coincident events,
so we can only investigate this RFI for the first level trigger using the timestamps of the triggers
on station level.
Figure 4.4 shows histograms of the difference in time between two consecutive triggers
at station level. For a Poisson process, one would expect a exponential distribution. But
the distribution found shows a structure – the peaks at 0.02 s and harmonics correspond to a
frequency of 50 Hz, which is known from AC-current applications. This could indicate noise
from the nearby power line, which runs along the northern border of the AERA array. The
kHz-frequency substructures on top of the 50 Hz peaks are suggestive of power-line control
communications, but localization of the signals is not possible with a single station. Therefore
also any other AC application can be the cause of a frequency dependence of 50 Hz.
The degree to which station-level triggers become multi-station coincidence triggers dic-
tates the degree to which this 50 Hz noise is a problem. When looking at the time distribution
of the multi-station coincidence triggers, which become AERA events, we see that the prob-
lem persists. Figure 4.5 shows the difference in time between two consecutive multi-station
triggers at station level. The 50 Hz structure is still clearly visible at the event level. This
means that a larger number of stations is triggered by the same 50 Hz pulses. Due to a limited
data-rate possible substructures can no longer be resolved. Fortunately, the narrowness of the
peaks (1.2± 0.1µs) makes vetoing these events possible without incurring much dead-time.
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Figure 4.5: Differences in time between successive triggers on event level from one station only. Peaks
with a clear periodicity dominate the distribution. The peaks are very narrow on station level with a
sigma of 1.2± 0.1µs.
Arrival directions of pulsed broadband noise
Events that have triggered at least three stations can be directionally reconstructed, which can
give further information on their origin. In detailed analyses with Offline [116], the actual
peak and shape of the pulse will be taken into consideration, as well as signal-to-noise cuts
before trying to reconstruct the direction of the shower. For a first analysis this is unnecessary
and possibly not robust enough for an estimate of the direction of non-air-shower signals.
Thus, a plane wave reconstruction simply based on the timestamps set by the trigger algorithm
was developed.
To ensure that this method gives the same results as the standard software, it was cross
checked against different simplified reconstructions in Offline. The simplifications are neces-
sary as Offline imposes in the StandardApplication restrictions on the physicality of an event.
These do not always hold for events that are caused by RFI, and only about 10% of the triggers
can be reconstructed, as shown in the results from a measurement with 956 events in Table 4.2.
The small deviation between each method illustrate that a simple plane fit results in similar
Method Reconstructed θ − θOffline[◦] φ− φOffline[◦]
StandardApplication 68 1.9± 7.0 −0.6± 1.3
Using timestamps only 244 0.7± 0.4 0.5± 0.2
Force events using timestamps 880 −1.2 + 0.5− 2.3 −0.3± 1.5
Table 4.2: Agreement of simplified plane fit reconstruction of raw data with different reconstructions.
The second and third reconstruction are simplifications of the StandardApplication using the timestamp
of the event rather than the reconstructed time of the pulse.
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Figure 4.6: Arrival directions from reconstructed self-triggered events, plotted with their positions on
sky above AERA. The color scale is log10(event density) in arbitrary units. Several hotspots are visible
that indicate (quasi-)permanent sources of transient noise.
directions as the full reconstruction for those events that survive the full reconstruction. It
can therefore be assumed that the fit is sufficient to track the RFI. The full reconstruction will
unfold the antenna pattern, which tends to unrealistically blow up the signal for very horizontal
events, which then affects the time resolution of the pulse and thereby the reconstruction of
the direction. It is therefore not directly suited to use it to analyze noise pulses. However, as
the timing on the instrumental polarization is given by the timestamp of the trigger, one can
assume that this timing gives a good estimate for the direction reconstruction. Furthermore, the
algorithm is able to calculate a direction for about 95% of the recorded events at a significantly
higher speed than the Offline reconstruction, as no time for implementing the calibration and
other preparatory steps is needed. As these events are presumably not all air showers, no cuts
on the quality of the reconstruction are made. It should also be kept in mind that noise sources
are local sources, which means that their wavefronts intrinsically show significant curvature.
The directions derived from this simplified algorithm can be depicted by plotting them on a
grid, representing the sky above AERA, as it is done in figure 4.6. The distribution of hotspots
is different for a different run, however some localized sources are present almost all the time.
One pointing to the northwest can be identified with the village of El Sosneado. A second
source a little further to the west from El Sosneado is also very present. An identification with
an object or location is difficult, but it is a persistent individual noise source. Furthermore,
there are two sources in the northeast, which are very well visible.
The reconstructed zenith and azimuth distributions for a longer run are shown in Figure 4.7.
97% of the events have a reconstructed zenith angle larger than 60◦, and 67% are within 5◦ of
the horizon. We calculate the azimuthal direction of the noise sources on the horizon by fitting
the peaks in the azimuth distribution with a Gaussian. Table 4.3 shows the dominant transient
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Figure 4.7: Distribution of reconstructed arrival directions from 8.7 × 105 AERA events (run 2114).
Left: Reconstructed zenith angle, 90◦ is the horizon. A number of events are reconstructed to arrive
from below the horizon. Right: Reconstructed azimuth angle, which is measured northwards positive
from east. Peaks in the distribution indicate preferred arrival directions.
noise directions, along with possible associated sources of human activity. The associations
are strengthened by fitting a spherical wave to a selection of data, which results not only in the
arrival direction, but also in an estimation of the distance to the source [127].
Direction [◦] Possible Source
139.0± 2.1 El Sosneado (5.2 km)
167.0± 4.9 power line pole (1.9 km), farm (2.8 km)
221.3± 4.8 farm (4.8 km), transformer station (18 km, 238◦)
42.6± 2.7 power line pole (4.3 km), El Diamante? (68 km, 52◦)
63.1± 2.9 farm (5.9 km)
Table 4.3: Overview of azimuthal directions of sources that have been observed to be frequent emitters
of pulse-shaped noise. The direction 0◦ is east. Every source is associated with a candidate. Especially
poles of the power line with broken insulators and nearby farms and villages are likely candidates.
The volcanic mountain of El Diamante, which hosts several radio transmitters, is at a
comparatively large distance, making it an unlikely source, despite earlier suggestions that
it might be a source of interference. Furthermore, most of the pulses measured in AERA show
a distribution of pulse heights, as shown in figure 4.8. The pulse amplitudes fall of rapidly
within the array, suggesting closer rather than distant sources. For a source at a distance of
El Diamante, constant pulse heights would be expected. Here, a preliminary calibration is
used to equalize the gains of the different stations. The calibration uses the beacon signal and
its drop-off [117] in signal strength to ensure that the absolute signal height in the stations is
identical.
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Figure 4.8: Amplitude of pulse height distribution over the array, shown at the different station posi-
tions. The size of the circles correspond to the pulse height on a linear scale in arbitrary units. Missing
stations in the grid were not active during this particular measurement run.
4.2 Automated monitoring tools for AERA
As discussed in the previous section, the understanding of the background and the character-
istics of the data taken, are essential to ensure fully efficient data-taking and data analysis.
AERA and the data taken with it, are the perfect tool to monitor the radio environment. There-
fore, we have written a module within the Offline framework that will extract information from
the data stream of AERA that can be used to fill a monitoring database and to learn more about
the background situation and data-taking efficiency. This section describes the capabilities of
the module.
4.2.1 The module and tools
The module RdMonitoring has been developed for the radio part of the Offline framework and
can be used on radio data without any data preprocessing. The general idea is to store charac-
teristic quantities of the AERA data for certain steps in time. This allows one to monitor the
development in time of certain characteristics. By only storing averaged or summed character-
istics, the size of the data is reduced, which is needed as the access to the Central Radio Station
(CRS) and therefore the data from AERA is strongly limited in bandwidth for data transfer.
The characteristics are stored separately for self-triggered traces and random-triggered traces
(which are taken for monitoring purposes every 10 seconds). Furthermore, the module collects
all available information about the run and running conditions into one structured file. As a
ROOT tree [128] was chosen to store the data, it is completely flexible regarding plotting and
analysis possibilities. Nonetheless, the module is shipped with a tool to visualize the data.
In order to allow for fast processing, the module should be called immediately after the
EventFileReader. The RdMonitoring module generates a ROOT file. In its name, the ID of the
selected run is encoded. If files of different runs are processed, a new ROOT file is generated
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Figure 4.9: Schematic view of the structure of the ROOT trees generated and filled by the RdMonitor-
ing module.
for each run. Each ROOT file contains four ROOT trees to store the data. The structure is
displayed in Figure 4.9.
The Run Header tree contains general information about the run like its ID, the start and
the stop time, and the settings of the RdMonitoring module. In addition, summary quantities
like the number of self-triggered and random-triggered events are stored. The tree also has the
necessary structure to store the local station settings of the run. The other three trees are of
a different structure. They contain summed or averaged values of many events in time bins,
for a customizable bin size. The event tree contains information on event level, as the name
suggests. The tree contains values like the number of stations in self- or random-triggered
events or the time difference of consecutive events.
The self-triggered and random-triggered data are monitored separately, each spanning a
tree with the same structure. While the random-triggered events provide an exact account of
the long-term background development, the self-triggered events are mostly short-term tran-
sient background themselves. So, in addition to the information on event level, the devel-
opment of many parameters on channel level is monitored for the different types of triggers.
Summary or average numbers are calculated for the four channels of all individual stations,
that were taking data in the run. For self-triggered and random-triggered events, the quantities
are filled in two trees with the same structure. This allows one to easily compare differences
between self-triggered and random-triggered signals.
4.2.2 Monitored quantities
Essentially all characteristics that have been discussed in section 4.1 can be checked using
the output of the RdMonitoring module. The output includes among others information about
trigger rates, timing between events, and data-loss, as well as the root-mean square of the
amplitude trace, FFT spectra and Hilbert envelopes of the traces. Also a fast reconstruction of
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Figure 4.10: Example output of the monitoring module. The two top plots show the development of
the trigger rate (self-trigger and 10 second trigger) for a data-taking run in 2012. The two bottom plots
show the corresponding recorded amplitude frequency spectrum, which is uncalibrated and therefore
unit-less. White vertical lines indicate data-loss. Additional RFI visible in the spectrum influences the
measured trigger rates.
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the arrival direction is included. Figure 4.10 shows an example of a figure that is generated
as standard output. Problems in the data-acquisition system (e.g. too high self-trigger rates or
loss of 10 second triggers) could hereby easily be identified, as well as changing environmental
conditions.
The module is able to process the data faster than real-time, which means that all data can
be processed. The general monitoring database of the Pierre Auger Observatory is currently
being filled with quantities derived from the output of this module and the features of the
website are being continuously extended1. Thus, monitoring information for all data taken in
the future will be available to cross-check results for their reliability.
4.3 Radio interference at the core of LOFAR
The radio background at LOFAR was investigated in detail with respect to the requirements
of astronomical observations in [129]. As astronomical data usually require long periods of
integration, here, an overview of the background situation is given with a sharper focus on the
requirements for cosmic-ray measurements, which suffer more from transient background.
4.3.1 Frequency spectrum and narrowband contributions
Overall, the radio background at the LOFAR is relatively quiet with respect to human made
noise. This is especially true for the band of the low-band antennas. The average cleaned
spectrum that was measured with the two types of antennas is shown in figure 4.11. These
spectra include the cleaning that is performed as part of the standard reconstruction (see sec-
tion 3.2.1). Here, already the difference between the noise situation of the high- and the low-
frequency band becomes apparent. While the spectrum measured with the low-band anten-
nas is rather smooth and only dominated by the resonance peak of the antenna, the spectrum
of the high-band antennas shows many dips induced by flagged channels, in which narrow-
band transmitters are continuously present. In particular the strong emergency pager signal
at around 169 MHz dominates the spectrum, making it impossible to detect anything but this
signal. Therefore, this band is always removed by default with a wide tapering window.
Another way to illustrate the RFI contribution to the spectrum is shown in figure 4.12.
In the LBA band there are almost no transmitters that are above the detection threshold for
all events. This means that possible biases due to RFI contribution are minimal for LBA
measurements. The situation is different for the HBA band. Many transmitters are regularly
detectable and excluded from the effective band. Given the relatively long time traces and the
thereby high frequency resolution of the transmitters, on average only 10% of the HBA band
is flagged. For the LBA band this is less than 1%.
For cosmic-ray detection, narrowband RFI induces additional background noise that hin-
ders the detection of the pulses and influences the measured pulse power. As the cleaning of
the events is successfully stable at LOFAR, a detection bias is not expected. For events in
which a significant number of channels are flagged, a correction for the pulse power is needed
1www.moni.auger.org.ar, AERA
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Figure 4.11: Average measured spectrum at the LOFAR core. The left figure shows the measurements
with the low-band antennas, the right figure shows the measurements with the high-band antennas (200
MHz sampling, 2nd Nyquist). The spectra are cleaned using the procedure of the cosmic ray pipeline.
This cleaning results in dips in the average spectrum.
in order to make events comparable with each other. This is however never the case for LBA
events. As HBA events suffer from other complications induced by the tile-beamforming, an
additional correction is not foreseen in the current data analysis.
4.3.2 Pulsed interference
As every read-out of the data at LOFAR is currently triggered by the scintillator array LORA,
the problems induced by pulsed RFI such as an increased trigger rate are not present. However,
the RFI will be detectable if it occurs at the same time as a trigger from LORA.
By coherently beam-forming in the direction as reconstructed by LORA and the use of a
reduced timing window around the expected pulse position, the probability to misidentify RFI
pulses as cosmic rays is minimized. However, there are some events that are not excluded in
the basic reconstruction. Those events account for less than 0.4% of all recorded triggers. Ex-
amples are shown in figure 4.13. If the RFI pulses contain significant power, they will always
be visible as strongest contribution in the beamformed trace, even if the arrival direction does
not coincide. Those events can be identified by the mismatch of the reconstructed direction
from the radio reconstruction and the reconstruction of the particle data. Furthermore, almost
all of these strong events arrive from close to the horizon. Characteristically, these pulses are
visible in a large number of antennas with almost constant power.
Additionally, most of the RFI pulses can be identified by their pulse shape. While the
typical air shower shows a single rapidly falling pulse, RFI pulses at LOFAR show large after-
pulses, as also illustrated in figure 4.13. However, not all examples have such a clear signature.
An algorithm will need to be developed based on the already recorded RFI and air-shower data
that is able to distinguish them by their pulse shape. Such an algorithm is required, if a self-
trigger is to be implemented in all individual LOFAR stations.
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Figure 4.12: Illustration of the RFI channels that are flagged in a significant fraction of events. If a
channel is a one, it is flagged for all events detected in the measurement period. The left figure shows
these channels for the measurements with the low-band antennas. The right figure shows the band of
the high-band antennas. The high frequency band shows significantly more contamination.
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Figure 4.13: Pulsed RFI observed at LOFAR. Left: RFI event as identified by the mismatch of recon-
structed directions between the radio stations CS002, CS005 - CS007 and the particle detector LORA.
Right: Deviating pulse shape of an RFI event. Shown are all pulses recorded in one station. They show
clear after-pulsing.
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This chapter describes the general features of the data taken with AERA and LOFAR with
respect to arrival directions and dominant contributions to the emission mechanisms. It also
provides event statistics.
5.1 Measurements at 30− 80 MHz
AERA and LOFAR both cover the frequency range from 30−80 MHz. As discussed in chapter
2.3, the two arrays most notably differ by their geographic location (height, magnetic field) and
their spacing between antennas in the array. With both experiments a considerable amount of
data has been collected since they first started taking data.
5.1.1 Data taken at AERA
The current data-set from AERA is subdivided in several periods of operations. AERA I was
operational from September 2010 until it was merged with AERA II in May 2013. The array
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was, already then, subdivided in various portions, based on the digitizer installed in the sta-
tions. These portions were re-allocated a number of times, resulting in a non-uniform data-set
for AERA I, mostly due to the triggering strategies used. In addition to the general difference
in strategy, externally triggered or self-triggered, the individual triggers were adapted and im-
proved. AERA II has started measuring in May 2013, again with two different triggering
strategies. The full array of 124 stations was split into two parts. The 40 stations contain-
ing scintillators at the eastern side of the array were combined with six stations of AERA I.
This part runs a combination of scintillator trigger and self-trigger. The other 60 stations of
AERA II and 18 stations of AERA I are run with a combination of external trigger from the
Central-Data-Acquisition System and a self-trigger.
For every AERA event, per definition, the data of the Surface Detector are available, oth-
erwise the air shower candidate given by a self-trigger is not confirmed to stem from an air
shower. The reconstructions of both the data of AERA and the SD are independent and quan-
tities can be cross-calibrated. The number of coincidences with the Fluorescence Detector is
still low, as only 10% of the FD events are measured in coincidence with SD. The data-set is
however growing steadily and first cross-calibrations with FD should soon be possible with
reasonable statistics.
The minimum requirement for an event in AERA are pulses above the noise-level in three
stations so that an independent reconstruction of the arrival direction is possible. Due to the
steep energy spectrum most of the events measured therefore consist of three stations. Most
analyses, however, improve with the number of stations. In order to increase the numbers, a
merging of the events measured with different parts of the array, at least in post-processing,
should be pursued. An example event is shown in figure 5.1.
The energy threshold for detection at AERA is a combination of the SD energy threshold
and the strength of the radio emission. Event rates show that radio is, also due to the dense
spacing in AERA I, sensitive to lower energies than the low-energy extension of the Surface
Detector array. Consequently, the energy threshold of the SD is affecting AERA operations,
as currently a reconstructed SD event is needed to confirm the detection of a radio event.
Therefore, it can only be estimated that the energy threshold for AERA is around 1017 eV. A
full study with respect to trigger rates, directional threshold effects and efficiency is not yet
available.
A main characteristic that is used to identify an air shower is its arrival direction. Whenever
a reconstructed arrival direction coincides with the direction as measured with the Surface
Detector, the signals are assumed to stem from the associated air shower. The arrival directions
of a large part of the self-triggered data of AERA I is depicted in figure 5.2. Data used for this
plot were taken from merged files of radio and SD data, where the events measured by SD and
AERA coincided in time and the reconstructed arrival direction was in agreement [130]. The
figure clearly shows an asymmetry in the detected arrival directions. Events are preferred that
arrive perpendicular to the magnetic field. Assuming that no triggering-bias was introduced,
while commissioning the self-trigger, this indicates the dominance of the geomagnetic effect,
as events of higher signals are easier detectable.
These findings can be compared to the results obtained with the different configurations
of AERA II. On the left of figure 5.3, events recorded with the scintillator triggered part are
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Figure 5.1: Example air shower as detected with AERA. The crosses depict the AERA antennas and
the detected signal strength is encoded logarithmically in the size. The timing is indicated by a change
in color from light yellow (early) to dark red (late). Grey crosses are antennas with no significant
signal. The circles are the Surface Detector stations. The signal strength is again encoded in the size
and the timing goes from dark blue to light green. The projections of the reconstructed shower axes
(θ = 66◦, φ = 65◦) are also indicated and show a nice agreement. The Surface Detector reconstruction
(ID 23932660) gives an estimate of 1.1 · 1018 eV for this air shower.
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Figure 5.2: Arrival directions of cosmic rays detected with AERA I. Data were taken between April
2011 and December 2012 with different subsets of antennas of AERA I based on a self-trigger. 0◦
corresponds East and 90◦ is North. The direction of the magnetic field is indicated by the black dot and
circle.
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Figure 5.3: Arrival directions of cosmic rays detected with the scintillator triggered (left) and the
externally triggered (right) stations of AERA II. Data were taken between in different periods between
May 2013 and February 2014. This skyplot does not show a complete data-set of AERA II. The
direction of the magnetic field is indicated by the black circle. 0◦ corresponds East and 90◦ is North.
shown, requiring the top and/or the bottom scintillator to have measured a signal in coincidence
with a threshold crossing of a radio pulse in a different station. The data were obtained from
a combined analysis with the Surface Detector, requiring a moderate signal-to-noise ratio of
above 6 of the detected pulse and an agreement of the reconstructed arrival directions of SD and
AERA to 20◦ [131]. On the right of this figure, events measured with the externally triggered
set-up are depicted. The events were recorded following a trigger of the SD, indicating a
shower axis close the to the AERA array. The data shown were obtained from the first standard
reconstruction (RdObserver) run in Argentina [132].
When comparing the two figures, the north-south asymmetry is again visible, however less
significant than in figure 5.2. As the reconstruction of both data-sets requires at least three
detected pulses for an independent reconstruction of the direction, this asymmetry is caused
by the threshold effect of the radio emission. However, this asymmetry is weakened by the
underlying triggering strategies. While both sky-maps were not derived from self-triggered
data, the scintillators have a different sensitivity to air showers than the Surface Detector. The
Surface Detector has a higher sensitivity for horizontal showers than the flat scintillators used
in the stations, which explains the reduced number of air showers at larger zenith angles.
The effect has to be combined with the fact that given the signal emission pattern, as it will
be discussed in chapters 6 and 8, horizontal showers are more likely to cross the detection
threshold in more stations at a given energy. Those two effects lead to the missing vertical and
very horizontal events.
The discrepancy of showers near the zenith between the left and the right figure might also
stem from the reconstruction strategy. Where for scintillator triggered data, the coincidence
of an air shower and a radio pulse is given in a small time window of 500 ns, the externally
triggered traces have to be searched for the pulse corresponding to the SD event, consequently
using a larger window of 6µs. If random fluctuations are picked up in a window, they are
likely to reconstruct to the zenith. It might therefore be possible that the externally triggered
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Figure 5.4: Footprint of an air shower measured with LOFAR. The signal strength (peak amplitude of
the radio signal) is encoded logarithmically in the size of the circles and the color shows the time of
arrival. The pentagons represent the positions of the particle detectors, their size is proportional to the
number of recorded particles. The reconstructed shower axis is indicated by the blue cross for the core
position and the line for the projected arrival direction.
set also contains misidentified noise pulses (false positives), whereas this is very unlikely for
the scintillator triggered set. This can also explain the difference at zenith. Given the inho-
mogeneous data-set from AERA, a conclusive statement about the efficiency and threshold
energy is challenging and will not be attempted here.
5.1.2 Data taken at LOFAR
The LOFAR data-set is very homogenous and thus, the results concerning the asymmetry of
arrival directions obtained from AERA can be be strengthened using LOFAR data. The data-
set from LOFAR used in this thesis covers all data taken up to January 2014, thereby covering
31 months. The properties of this data-set are discussed separately for LBA and HBA.
The LBA data-set contains 3958 recorded triggers, of which 1898 pass the strict quality
cuts for a good data reconstruction of the particle measurement. These cuts are described in
the following section. Of all triggers, 618 events contain signals of cosmic rays as identified
by the pipeline, with a threshold energy of 2 · 1016 eV. An example air shower is shown in
figure 5.4.
Triggers from the array of particle detectors
On the reconstruction of air showers from the particle data quality the following cuts are ap-
plied. The reconstruction is considered reliable, when the reconstructed shower core is con-
tained within the array, the shower is not too horizontal (θ < 50◦) and the reconstructed
Molière radius1 falls in the range of 20 − 100 m. After these cuts, the lowest energy of a
1Characteristic transverse size of an air shower, see equation 1.12.
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Figure 5.5: Left: Fraction of air showers with a detectable radio signal over the number of air showers
triggered with a scintillator signal is plotted against the number of particle detectors above threshold in
an event. The red straight line is a fit to the data. Right: Angular difference between the shower axis
reconstructed from the particle data and the direction estimate from the radio signal. To make the events
comparable, the difference is scaled with the uncertainty of the individual reconstruction σLORA.
shower that triggered a read-out of the LOFAR buffers was found to be 1.8 · 1015 eV and the
highest is 1.9 · 1018 eV. The LORA scintillator array becomes fully efficient above 2 · 1016 eV
[133] and therefore fully efficient for the events detectable in radio.
All triggers sent by the scintillator array follow a nearly uniform distribution in azimuth and
a sin(θ) cos(θ)-distribution in zenith angle as it is expected from the geometry for a horizontal
array with flat detectors.
The number of air showers with a detectable radio signal increases with the number of
triggered particle detectors, as can be seen in figure 5.5, where the fraction of triggered events,
with and without a detected radio signal, is plotted against the number of particle detectors per
air shower. The fraction is clearly increasing with the number of triggered detectors, as shown
by a fitted straight line. According to this fit, at a threshold of 13 detectors about 10% of the
air showers yield a measurable signal in the radio antennas.
For a first estimate all triggered data are considered valid air showers that show radio
pulses reconstructed to come from a direction that agrees to 10◦ angular distance with the di-
rection that was reconstructed from the arrival times of particle signals. This choice is based
on the results shown in figure 5.5. This figure shows the angular difference between the two
reconstructed axes for all events. A steep fall-off in number of events with an increasing
angular difference can be seen. Any event that deviates more than 10σLORA certainly lies out-
side the correct distribution. The shower axis is on average reconstructed with an uncertainty
σLORA ∼ 1◦ from the data of the particle detectors. Thus, a quality cut of 10◦ is chosen.
Event rates and sensitivity
Figure 5.6 shows all 618 air showers successfully detected with the LBAs as distributed on the
local sky. Visible is a clear north-south asymmetry, where 441 events arrive from the northern
hemisphere. This corresponds to a probability p = 0.71 ± 0.02 for a detected event to arrive
from the north. As opposed to AERA, the magnetic field at LOFAR is pointing downwards
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Figure 5.6: Arrival directions of the cosmic-ray events detected with LOFAR from June 2011 until
January 2014 in the band from 10 − 90 MHz. East is 0◦ and north corresponds to 90◦. Also indicated
as a blue circle is the direction of the magnetic field at LOFAR.
towards North and therefore an increase from the North is expected, if the main contribution
to the signal is of geomagnetic origin.
The effect is, better quantifiable, illustrated in figure 5.7, which shows the fraction of de-
tected air showers as a function of azimuth angle for the events with a detectable radio signal,
as well as for all LORA triggers sent. While the events registered with the LORA detectors are
uniformly distributed in azimuth, the air showers with a radio signal show a clear deficit from
the south. The complete detection efficiency as a function of direction follows from a decon-
volution of the expected emission strength with the antenna pattern and will not be discussed
in detail here.
The energies of the air showers with a detectable radio signal are shown in figure 5.8.
The depicted energy is the one reconstructed from the corresponding particle data. This recon-
struction has an overall systematic uncertainty of 27% and varying event by event uncertainties
[115]. One clearly sees that below ∼ 1017 eV the detection of air showers through their radio
signal is not fully efficient, as the strength of the radio signal scales with the energy of the
shower. Higher energies in this distribution are constrained by the steeply falling cosmic-ray
energy spectrum. There are hints that showers of higher energies have been measured with
LOFAR (especially when including the stations outside the Superterp), but these events are
not well enough constrained by the data from the particle detectors to calculate the energy
with sufficient accuracy. After a calibration of the energy of the radio measurements, those
events will be used in a radio-stand-alone reconstruction.
5.2 Measurements at 110− 230 MHz
The higher frequency range is covered by the high-band antennas of LOFAR. The power in
this band is expected to be lower, and the effect from relativistic time-compression should
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Figure 5.7: Binned distribution of the azimuth angles of all air showers measured with the particle de-
tectors (black squares) and those in coincidence of particle detectors and radio antennas (red triangles).
The best fit of a horizontal line to the particle data is also shown. The fit has a χ2/nDoF = 0.9.
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Figure 5.8: Distribution of the energies of the cosmic rays that had a measurable radio signal in the
LOFAR data. The depicted energy is the one reconstructed from the corresponding particle data. The
quality cuts as described in section 5.1.2 are applied.
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Figure 5.9: Directions of the detected cosmic rays on sky in the band from 110 − 230 MHz. 0◦
corresponds to west and 90◦ is north. The zenith angle ranges from 0◦ to 70◦. Also indicated as blue
circle is the direction of the magnetic field at the LOFAR core, which is pointing downwards to north.
become more dominant in comparison to the lower frequency range.
Data have been gathered with the HBAs since October 2011. Until January 2014, 2255
triggers have been recorded, in which 171 air showers have been detected in the band of
110− 190 MHz and two air showers in the band of 170− 230 MHz. The time spent observing
the lower of the two bands was about 20 times longer.
The specifications for the scintillator array do not differ between LBA and HBA observa-
tions. While being recorded with the same trigger settings, the detection probability was found
to be roughly a factor two lower for HBA than for LBA. This difference can be attributed either
to an intrinsically reduced emission strength at higher frequencies or instrumental effects such
as higher background levels and hardware differences.
5.2.1 Arrival directions and dominant contributions
The arrival directions of the cosmic rays detected with the HBA antennas are shown in fig-
ure 5.9. A clear north-south asymmetry is visible, similar to the one observed in the lower
frequency range.
The angular resolution achieved with the HBA antennas is not the same for all directions.
Many events are only measured with one station. As the antennas are clustered in two sub-
stations, this results in a poorer angular resolution for showers arriving perpendicular to the
axis connecting the two sub-stations. Also, the tile-beamforming has a negative effect on the
accuracy as it affects the pulse shape and thereby influences the reconstruction of the arrival
time. Thus, following a similar analysis as presented in figure 5.5, the cut applied in order to
accept a trigger as cosmic-ray event is loosened with respect to the LBA analysis. An event
is accepted when the directions reconstructed from particle data and HBA data agree within
20◦, instead of the required 10◦ for the LBA data. This relaxed cut excludes two obvious RFI
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Figure 5.10: Probability of detecting an air shower as a function of angular difference between the
direction of the observation and the arrival direction of the incoming cosmic ray. The grey contour
shows a model of the extent of the beam-shape of an HBA tile.
candidates that arrived from close to the horizon and can also be identified by their deviating
pulse form. This loosened cut provides larger statistics at a possible cost of lesser purity.
Effect of the tile-beamforming
The main effect of tile-beamforming in the direction of the shower is an increase in signal
strength, which lowers the detection threshold. The main effect of beamforming in another
direction than the arrival direction is a distortion of the pulse shape. This makes events of
low signal strength harder to detect. Strong pulses are detectable, but the frequency content
of the pulse as well as the position of the maximum will be affected. This effect is observed
in data and visualized in figure 5.10, where the likelihood of detection is plotted as a function
of angular distance between arrival direction and beam. The figure shows that events arriving
closer to the beam direction are more likely to be detected. Interesting to note is that the
distribution roughly follows the predicted dimensions of the beam of the HBAs. Using the
relation for the diffraction pattern of an interferometer
GBeam ∼ 1λ
D
· α · sin
(
λ
D
· α
)
, (5.1)
with typical wavelength λ and detector size D, one can calculate the full width half maximum
beamwidth of about α = 20◦ for an HBA tile. This number is also deducible from the dis-
tribution shown in figure 5.10. This beamwidth also describes the regions depicted in figure
3.14, in which the gain is independent of the rotation of the sub-station. Both beam effects
essentially limit the field of view and sensitivity for cosmic ray observations with the HBAs.
Observation of north-south asymmetry
If the main contribution to the radio emission from cosmic ray air showers is geomagnetic in
origin, a north-south asymmetry in the arrival direction of air showers measured in radio is
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Figure 5.11: Distribution of arrival directions of the measured air showers with respect to azimuth an-
gle. The azimuth angle is measured northwards positive from east. Shown are the different distributions
of azimuth angles of the direction in which the data were tile-beamformed (black circles), the directions
of the air showers that triggered a read-out (red triangles) and the directions of the cosmic rays, which
were detected in the radio (blue squares). The triggers are almost uniformly distributed while the beams
of the astronomical observations and the radio detections are not.
expected. This has indeed been observed by many experiments in the frequency range up to
about 100 MHz. If this still holds true for the higher frequency range (110− 190 MHz), such a
north-south asymmetry should also be visible in figure 5.6. This indeed is the case. However,
for the particular setup at LOFAR there is an additional complication. As the sensitivity of the
instruments depends on the arrival direction of the cosmic ray relative to the current pointing
of the tile-beam, an observed asymmetry in air shower arrival directions might be the result
from an asymmetry in the beam pointing rather than caused by the intrinsic air shower radio
emission process.
In figure 5.11 it can be seen that while the reconstructed arrival directions of the cosmic
rays detected by the particle detectors are uniformly distributed in azimuth, the subset of those
triggers that had a detectable radio signal are not. In the same figure the tile-beam directions
for all triggered events are also indicated. Although at first glance, the distribution of radio
events seems to follow the beam direction distribution, a closer inspection does show some
important differences. In the second bin for example, the fraction of detected radio events
is much larger than the fraction of beams pointing in this direction. It is important to stress
here again that such a discrepancy is possible since while the sensitivity is higher in the beam
direction, it is not zero outside of the beam. Thus a cosmic ray coming from outside the beam
can still be detected if the signal is sufficiently strong.
A total of 155 cosmic rays were considered (until December 2013). Of those cosmic rays
121 arrived from the northern half of the hemisphere and 34 from the southern half giving a
ratio N/S = 3.6. In order to check if this asymmetry can be explained solely by the asym-
metric distributions of tile-beams (94 north vs. 61 south), a simple Monte Carlo procedure
is followed. For each trial the number of events arriving from north and south are drawn
from a Poissonian distribution with expectation values 94 and 61 respectively. The ratio of
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events from north over events from south is calculated. This ratio follows a neither Poissonian
nor Gaussian distribution. A total number of 107 trials are performed to give the probability
distribution of the north over south ratio. This procedure was repeated 100 times giving a
total number of 109 trials. The cumulative probability of observing a ratio of 3.6 or higher is
P (r ≥ 3.6) = 3.1 · 10−6 on average. In order to reduce the probability to be dominated by
events arriving close to the north-south boundary or near the zenith, where north and south are
not defined, the same analysis is repeated on a set that excludes these regions by ±5◦. The
probability for this set stays similarly low at 2.5 · 10−6.
Furthermore, if we only select those 49 beams that were pointing to the south, we still
detect 30 air showers in them arriving from the north.
It is thus extremely unlikely that the observed asymmetry in cosmic ray arrival directions
is caused by the asymmetry of the instrumental sensitivity alone. We therefore conclude that
the distribution of arrival directions of air showers measured at 110− 190 MHz is compatible
with a strong geomagnetic component in the emission.
5.2.2 Observation of Cherenkov rings in air showers
The high antenna density of LOFAR enables detailed studies of the radiation pattern gener-
ated by individual showers. This is very instructive due to the intrinsic asymmetry of the
signal which hinders averaging over showers. LOFAR is the only current experiment that
can test theoretical predictions about the signal pattern in a single event study. Using these
single events several approaches how to extract information from the radio pattern about the
characteristics of the air shower are tested.
Comparison to simulations
Using the air showers simulations it can be predicted what is expected from an observation
at higher frequencies. Figure 5.12 shows one single simulated air shower filtered in the two
different LOFAR frequency bands. The shape of the lateral signal distribution changes and the
ring like structure is more enhanced at higher frequencies, while the total power of the signal
is decreasing with frequency. Also, the azimuthal asymmetry, which is visible in the spread
for the lower frequency band, seems to decrease for the higher band.
A direct comparison of the HBA data using the method of [134] can only be accomplished
under certain conditions. As discussed earlier, the additional gain differences of the HBA sub-
stations according to their rotation make it challenging to correct for the hardware response.
To do this correctly, one would have to simulate single pulses and feed them through a full
model of the hardware, including especially the analogue beam former, which is very sensitive
to uncertainties on the arrival direction. Such a realistic model of the full hardware is however
not available yet.
Instead, we concentrate on air showers that arrived from close to the direction of the beam.
As discussed above (figures 3.14 and 5.10) the response of all HBA sub-stations is similar for
events arriving within the full-width-half-maximum (FWHM) of the main beam. We therefore
selected three events arriving within the FWHM of the initial beam direction with more than
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Figure 5.12: Simulated pulse power (CoREAS) as a function of distance to shower axis for different
ideal filter settings on an idealized grid of antennas. For this shower the primary particle was a proton
of 7.2 · 1017eV, arriving at a zenith angle of 38◦. As the pulse power is not only a function of distance
to shower axis, the spread at any particular distance represents the asymmetry in the signal.
four triggered stations and compared them to simulations. All three events arrived from close
to the north celestial pole and are reproduced by simulations. The best fitting simulations for
the three events are shown in figure 5.13. In the images on the left-hand side, the interpo-
lated total power from the simulation is given as the background color map. Overlaid are the
measured data as circles with the same color coding for the pulse power. Where the colors
match there is an agreement in signal strength between the measurement and the simulation.
The Cherenkov ring (see chapter 1.2.2) clearly dominates the structure for all events in both
simulations and measurements.
The same can be seen in a projection of the signals as a function of distance to the shower
axis as shown on the right-hand side of figure 5.13. This lateral distribution is clearly domi-
nated by the amplified ring structure at distances of about 100 meters. These measurements
clearly confirm the importance of the propagation of the radiation, which causes this relativistic
time compression of the measured emission, which itself is still dominated by the geomagnetic
effect (see 5.2.1).
Sensitivity of the Cherenkov ring to the depth of the shower maximum
It was suggested in [135] that the radius of the Cherenkov ring is sensitive to the depth of
shower maximum Xmax. In this article it is argued that with a precisely obtained radius a
resolution of 10 − 15 g/cm2 is achievable for vertical showers. Experimentally, it has to be
tested how accurately the radius of the ring can be measured and what resolution this yields
for Xmax.
The three events introduced above are used to determine the accuracy with which the radius
of the Cherenkov ring is obtained. The main contribution to the overall uncertainty is the
uncertainty on the position of the shower axis. Unless there is a complete fit of the signal
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Figure 5.13: Comparison of measurements and simulations for three air showers. Left: Signal distri-
bution in shower plane. The circles indicate the positions of the signal measurements. The background
map is the interpolated signal strength from the best fitting simulated CoREAS shower. The integrated
power from 110 − 190 MHz both for measurements and simulations is encoded in color. The refer-
ence coordinate system is the shower plane defined by the propagation vector v of the air shower and
magnetic field direction B. The shower axis is located at (0,0). Right: Corresponding integrated radio
pulse power for simulation (blue squares) and LOFAR HBA measurements (red circles) as a function
of distance to shower axis.
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Event Zenith angle [◦] Radius of ring [m]
1 43.4± 2.0 117.3± 4.7
2 34.9± 1.0 93.3± 2.1
3 40.5± 1.0 119.6± 22.1
Table 5.1: Zenith angle and radius the ring of the maximal signal of three air showers measured with
the high-band antennas. The angle is measured from zenith (upwards: 0◦) and reconstructed from radio
data. The ring size is determined by fitting a one-dimensional Gaussian function to the signal strength
as a function of distance to the shower axis.
distribution of the radio data, which also determined the shower geometry, the axis as obtained
with the particle array has to be used. The axis uncertainties differ for each event and vary
from 5 meters to 30 meters.
Another contribution to the overall uncertainty is the one on the model that is used to fit
the radius of the ring. As there is still some asymmetry visible in the emission pattern, a
one-dimensional radial fit to describe the whole distribution is not fully sufficient. It seems,
however, that the radius of the ring is sufficiently symmetric in the shower plane to approximate
it in one dimension. Given the uncertainties on the signals a fit of a Gaussian function, centered
on the ring, is chosen. This approach, however, introduces additional uncertainties.
A last non-negligible factor is the arrival direction of the shower. Since most of the ring
size can be attributed to the propagation of the shower in the atmosphere, the pathlength on
which the shower develops is essential, which in turn is a function of inclination angle. The
parameters reconstructed from the radio data for the example showers are shown in table 5.1.
In [135] Xmax is calculated by fitting the following relation to a set of air showers, simu-
lated using the EVA code [65], with energies between 1017 − 1019 eV of vertical arrival direc-
tion:
Xmax = a+ b · dp. (5.2)
Here, a and b are fitted constants and dp describes the radius of the ring. The same analysis was
repeated for showers of more horizontal arrival directions (30◦ and 45◦) in the frequency range
of 110−190 MHz [136]. For a perfectly measured radius of the ring a resolution of better than
30 g/cm2 is achieved, however the method gets less precise for more inclined showers. Adding
the additional uncertainties for the reconstruction of the ring, yields the results as shown in
table 5.2. The results are compared to the best fit obtained from simulating several air showers
using CoREAS with different Xmax for a single event (see [134]). The latter value is given
for reference purposes and cannot be used to compare the two models (EVA and CoREAS), as
two completely different methods are applied to obtain Xmax.
The results show that there is, given the three events, no statistically significant discrepancy
between the two methods. The large uncertainties obtained for Xmax, determined through the
ring size, prevents more precise statements.
There are a number of additional uncertainties that need to be considered for comparing
the results. As shown in [135] the frequency range in which the shower is measured has a
strong effect on the location of the ring. As there is no full antenna model to correct the HBA
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Event Fit: Xmax [g/cm2] Sim: Xmax [g/cm2]
1 45◦ : 631± 85 675± 22
2 30◦ : 548± 58 643± 27
3 45◦ : 609± 156 671± 37
Table 5.2: The height of the shower maximum Xmax as obtained for the example events. The methods
are using a parametrization for different zenith angles (Fit) or dedicated individual simulations (Sim).
observations to a fully flat frequency spectrum, this might bias the results. Also, the missing
antenna correction influences the Xmax obtained with direct comparison of simulations, as the
hardware response could not be included in the analysis as it is done for measurements with
the low-band antennas. It also should be noted that there is no parametrization as a function
of zenith angle yet and the events are approximated by the closest available parametrization in
zenith angle. Also, possible discrepancies between models of the radio emission of air showers
are not tested by this analysis.
We show experimental evidence that the radius of the Cherenkov ring can be used as an
indicator for the depth of the shower maximum. However, the accuracy obtained by employing
the method from [135] is far less than needed for a precise composition study, when using the
experimental resolution of the ring size from LOFAR. As LOFAR is, however, the experiment,
that can measure the ring size to the highest accuracy, is seems to be necessary to use more
information than just the ring size. The distribution of the signal is a non-symmetric function
of several shower parameters, which calls for a more complex fitting procedure or a direct
comparison to simulated showers.
CHAPTER 6
A PARAMETERIZATION FOR THE RADIO
EMISSION OF AIR SHOWERS AT LOFAR
Parts of this chapter have been published as:
A. Nelles, S. Buitink, H. Falcke, J. Hörandel, T. Huege, P. and Schellart
A parameterization for the radio emission of air showers as predicted by CoREAS simulations
and applied to LOFAR measurements
Astroparticle Physics, 60, 2014, 13-24
Measuring radio emission from air showers provides excellent opportunities to directly mea-
sure all air shower properties, including the shower development. To exploit this in large-scale
experiments, a simple and analytic parameterization of the distribution of the radio signal at
ground level is of great advantage. This is needed for a fast reconstruction of the shower
parameters and for a simple prediction of the expected signals for efficiency calculations or
design decisions.
In this chapter, we first review the current knowledge of the radio lateral distribution func-
tion (radio LDF), i.e. the pulse power or amplitude as a function of distance to the shower
axis (section 6.1). This review is then followed by general considerations based on air shower
simulations, which are used to develop a parameterization of the signal (sections 6.2, 6.3). The
model obtained is applied to a large set of simulations to discuss the sensitivity towards shower
parameters (sections 6.4 and 6.5). The chapter is concluded with the presentation of a more
robust model with a reduced number of parameters, which can be used to fit experimental data.
6.1 Theoretical models and earlier parameterizations
Almost all currently available experimental data have been described, based on the early work
and the thereby established parameterization by Allan [49]. He argues in his extensive review
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of the early data and analysis along the following lines to derive his parameterization:
The observed amplitude of the electric field should be proportional to the sine of the an-
gle between shower axis and magnetic field, α, derived from its induced direction in ~v × ~B,
where ~v is the arrival direction of the cosmic ray and ~B the direction of the local geomagnetic
field. Furthermore, the amplitude should be proportional to the energy of the primary particle,
although this is only claimed for energies between 1017 eV and 1018 eV. At higher energies,
he expects a steep increase of the signal amplitude, as the shower maximum comes closer to
the observer. Additionally, he expects the radial distribution to broaden with zenith angle due
to geometric considerations, with at the same time a decrease in peak amplitude. This effect is
predicted to be opposed by the increase of efficiency of the geomagnetic emission due to the
decreased air density at the shower maximum.
Together with experimental data, these predictions were summarized in the following equa-
tion for the radio pulse amplitude Eν per unit bandwidth:
Eν = C ·
(
Ep
1017eV
)
sin(α) cos(θ)e
− R
R0(ν,θ) . (6.1)
For values of 1017 eV < Ep < 1018 eV for the energy of the primary particle and distances
R < 300 m, Allan gives the scaling parameter C = 20 µV
m MHz
, R0 = 100 ± 10 m for ν =
54 MHz and zenith angles θ < 35◦.
This Allan-formula was consequently used at all later experiments to describe the lateral
distribution. The CODALEMA experiment [93] used the same parametrization, albeit with a
different scaling factor. It was found that when leaving the core position as a free parameter
the radio core (ground location of the highest radio amplitude) showed a significant offset with
respect to the particle core [137, 138], but that otherwise the measurements were fairly well
represented.
Also the LOPES (LOFAR PrototypE Station) experiment [92] used the same parameteri-
zation. While the Allan formula refers to the total electric field, the LOPES experiment first
measured only one component (East-West), for which it was argued that the sin(α) depen-
dence might rather be a (1− cos(α))-dependence [139]. Also, different slopes R0 and scaling
parameters C were fitted.
The challenge in comparing different scaling parameters resides in the complexity of
obtaining an absolute calibration of the measured amplitude of the experiments. The ear-
lier experiments used narrow-band receivers, rather simple antennas and oscilloscopes. The
more modern experiments use broad-band systems with more complex antennas and analogue
chains. To measure the characteristics of these set-ups with the necessary precision as a func-
tion of frequency is challenging and subject to a number of systematic uncertainties [119].
Additionally, there is a geographic component given the different strengths of the local geo-
magnetic field, as well as different heights above sea level of the different experiments.
As the air shower models improved, more theoretical studies concerning the lateral dis-
tribution were conducted [140], showing dependences on the height of the shower maximum
and that the Allan parameterization might be difficult to hold [75, 141]. Especially, studies
predicting asymmetries in the pattern, called for a more complex description. For LOPES, a
fit of a one dimensional Gaussian was suggested, which was offset with respect to the shower
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Figure 6.1: Radio emission of an air shower, as measured with LOFAR. The arrival direction had a
zenith angle of θ = 30.8◦ and and azimuth angle of φ = 127.7◦. The integrated pulse power, calibrated
relative for all antennas, is plotted as a function of the distance to the shower axis [145]. A number
of detailed structural features are visible. These are due to measurements at the same distance from
the shower axis, but at different azimuthal angles, which cannot be represented in this one-dimensional
projection.
axis. The slope or width of the Gaussian was found to be a function of the height of shower
maximum [56].
The experimental data of CODALEMA and LOPES, as well as the early measurements,
were reasonably well described by the one-dimensional Allan-formula and adaptions of it, all
preserving the exponential fall-off. However, LOPES also observed some flat lateral distri-
butions, which could not be explained by the exponential parameterization [142]. Similarly,
several prototypes at the Pierre Auger Observatory [143], as well as early AERA results with
low station multiplicity [144], showed that the exponential function is a good approximation
for many events, however not a good one for all events.
Both LOPES and CODALEMA measured single air showers with a maximum of about 25
antennas per event on relatively small distance scales (200 m). When LOFAR [112] started
taking data, with more than 500 antennas per event on scales covering more than 500 m it
became obvious that a one-dimensional LDF was unable to describe the data, given significant
asymmetries as can be seen in figure 6.1.
Based on air shower simulations [146], we derive a two-dimensional parameterization that
is fitted to the simulations generated for LOFAR and subsequently to the data.
6.2 Air shower simulations
A large set of air shower simulations is available to the LOFAR key science project Cosmic
Rays. They were originally made to determine the depth of the shower maximum, Xmax, of
every LOFAR shower by directly comparing the data to single simulations [134]. For ev-
ery shower measured with a certain number of antennas with LOFAR, at least 40 simulated
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Figure 6.2: Parameters of simulated air showers used in this analysis. Left: Energy of the simulated
shower as a function of the depth of the shower maximum, Xmax. Energies in the range of 1016 −
1018.8 eV are sampled, each one with 40 different values of Xmax. The higher energies are less densely
sampled. The zenith angles (0◦: vertical) are encoded in color. No horizontal air showers (> 60◦) were
simulated. Right: The distribution of arrival directions as a function of energy. No correlation between
the parameters is visible. The azimuth angles (90◦ being north) are not uniformly sampled, there is a
bias against showers arriving parallel to the local magnetic field.
air showers with different Xmax-values (both proton and iron primaries) were generated, all
matching the reconstructed arrival direction of the measured shower. The energy of a simu-
lated shower, however, is not necessarily the energy of the corresponding measured shower.
The value that was simulated is based on the energy estimated from the particle detectors in-
stalled at LOFAR. As many of the measured showers were contained in the radio array, but not
in the particle array, the energy estimate may differ by a factor of ten from the actual shower
energy.
The air shower simulations are produced using CORSIKA 7.400 with FLUKA 2011.2b
and QGSJETII.04 in the US standard atmosphere. A thinning of 10−6 is applied. The radio
emission is generated by the CoREAS plug-in [73]. In total there are 3836 simulations.
The distributions of all shower parameters are shown in figure 6.2. The simulated showers
span an energy range from 1016 − 1018.8 eV and cover zenith angles θ from 3◦ to 55◦, where
0◦ are vertical showers. There is no correlation between the arrival direction and energy. For
the overall distribution of angles, it should be noted that there are relatively few showers from
the direction parallel to the magnetic field, as LOFAR is less likely to observe radio emission
of showers from this direction [145]. The geomagnetic field is pointing directly North with
an inclination angle of 67◦ downwards. This means that there are relatively few showers with
azimuth angles φ close to south, i.e. 270◦.
The simulations are performed on an idealized grid of antennas as shown in figure 6.3. The
grid is aligned in such a way that it is always aligned with the ~v× ~B-axis and the ~v× (~v× ~B)-
axis, where ~v is the direction of the shower and ~B the direction of the magnetic field. It is
therefore rotated and stretched differently on the ground plane for every shower. The ground
plane at LOFAR is located 5 m above sea level.
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Figure 6.3: Grid of antennas on which the air shower was simulated. The left side shows the antennas
in shower coordinates (~v is the direction of the shower axis, ~B the direction of the magnetic field)
and the right side depicts the positions on the ground. The integrated power of the simulated pulses is
encoded in color. This simulated air shower arrived under a zenith angle θ = 45◦.
The CoREAS simulations deliver the resulting electric field per antenna position as a func-
tion of time, in this case at a resolution of 0.1 ns. The simulations are subsequently downsam-
pled to the LOFAR sampling frequency of 200 MHz and filtered from 10− 90 MHz, matching
the LOFAR low-band antenna measurements. For every simulated antenna position, the sig-
nal in the time-domain is squared to obtain the power and added up, delivering the integrated
power. This is calculated for every polarization and subsequently added up to arrive at the
total power. This calculation is performed in the same way, as it is done to the data [145].
The integrated total signal is chosen for comparison as it is only affected by the absolute band-
pass of the experiment and not sensitive to the frequency dependent phase response. Possible
uncertainties in the modeling of the phase response of the system will average out for the in-
tegrated quantities for both the signal and the background contribution, while being a relevant
factor for measurements of the pulse amplitude. Also, changes in the frequency spectrum of
the pulses as a function of distance to the shower axis [147] will affect the form of the pulse
and thereby its maximum amplitude, while preserving the power. By choosing the integrated
power, the effect of the change in frequency spectrum and the decreasing power are separated
and only the latter is discussed in this analysis.
6.3 General considerations and choice of parametrization
In order to better visualize the shape of the lateral signal distribution of the simulated signal,
the power from the grid pattern (figure 6.3) can be interpolated and plotted, as it is done in
figure 6.4. Since this is in the shower plane, this pattern is in general circular, so one is
tempted to look for rotational symmetry. It is however clearly visible that the central part with
the highest signal is not rotationally symmetric.
As discussed in section 6.1, the classical choice is an exponential function. Especially for
events measured at larger distances to the shower axis, this has proven to be successful. Thus,
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Figure 6.4: Interpolated pattern of the simulated total power for two different air showers in the shower
plane. Left shower: θ = 45◦, φ = 37◦, α = 61◦, E = 4.4 · 1016 eV, Xmax = 640 g/cm2. Right
shower: θ = 29◦, φ = 121◦, α = 49◦, E = 1.1 ·1017 eV, Xmax = 823 g/cm2. Despite being measured
at largely different distances to the shower maximum, at different arrival directions, and at different
energies, both showers show a visible asymmetry and a circular, bean-shaped pattern.
functions which have an exponential fall-off at larger distances are obvious candidates. In
addition, the functions should deliver a flattening or even fall-off towards the center. Purely
from these shape considerations, the following initial parameterization is chosen.
P (x′, y′) = A+ · exp
(−[(x′ −X+)2 + (y′ − Y+)2]
σ2+
)
−A− · exp
(−[(x′ −X−)2 + (y′ − Y−)2]
σ2−
)
+O (6.2)
Here, P is the total power of the integrated radio signal (sum of the powers from all polar-
izations). The coordinates x′, y′ are in the shower plane, centered around the position of the
shower axis . The shower plane is spanned by the vectors ~v × ~B and ~v × (~v × ~B), where x′
and y′ are then parallel to these basis vectors.
The parametrization has nine free parameters that need to be fitted. Those are the location
parameters X+, X−, Y+, Y−, the width parameters σ+, σ−, the offset parameter O and the two
scaling parameters A+ and A−, which are positive and it holds A+ > A−. This means that
the parameterization is made up of two Gaussians, which are shifted with respect to each other
and subtracted from each other.
This parameterization describes data already transformed into the shower plane. It there-
fore indirectly depends on a reconstruction of the direction of the shower (φ, θ), which is
needed for the transformation. This would add two parameters to the fit. However, as the
arrival direction is usually measured through signal arrival times, these parameters will be
available independently.
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6.4 Fit quality and modification of the parameterization
Function (6.2) is fitted without any further restrictions to every individual simulated shower,
using a standard Levenberg-Marquardt least-squares algorithm. In order to identify suitable
starting values, first one single two-dimensional Gaussian function is fitted. This will be espe-
cially necessary if the core position (always (0,0) for simulations) is not well known, as it is
typically the case for measured showers.
The CoREAS simulations suffer from artificial signal power at large distances to the shower
axis, introduced by the thinning of the simulated air showers: Particle thinning approximates
several particles with an extended spatial distribution by a single particle with an appropriate
weight factor. The localization of the corresponding radio source in one point leads to artificial
coherence, which in turn leads to an overestimation of the radiated power at high frequencies.
At large lateral distances the frequencies affected by this thinning noise become as low as
those measured by LOFAR. For an unthinned simulation, only a very low signal due to the
incoherent addition of the emission from individual particles would be expected.
Due to this thinning noise, the simulated signal power does therefore not reach zero at
larger distances to the shower axis. The offset parameter O is introduced to compensate this
effect. It is however an additional parameter of the fit, which can induce local minima. It
can be left out, at the cost of a decreased fitting quality at the outer edges of the grid. Initial
tests have shown that the effect of local minima is more detrimental for the fit quality than
the decreasing fit quality. The parameter O is therefore excluded from the fit, for the rest of
the analysis. It might however be necessary to reintroduce this parameter for measured data,
depending on the noise situation and the required signal-to-noise ratio.
Additionally, it was found that the Y− parameter is almost constant (Y− < 1 m) for all fits
and it is therefore also not needed. The full set of simulations is consequently fitted again,
without the parameters O and Y−. The results of these fits are discussed in the following
sections.
An example of a successful fit is shown in figure 6.5. Both, the fit and the simulated data
are shown and represented as circles and squares, respectively. For better visibility projections
onto the x′-axis (~v × ~B) and the y′-axis are shown for the idealized grid of figure 6.3. These
projections illustrate in which coordinates the asymmetry is present. The induced electric
field from the geomagnetic effect is polarized in the ~v × ~B-direction in the same way for all
antennas. For the charge excess the direction is different for all antennas, namely radially
pointing towards the shower axis. Thus, there will be constructive interference for positive
values of x′ and destructive interference for negative values, which is visible in the cut along
the ~v × ~B-axis (y′ = 0). The figure shows a good agreement between simulated data and the
fit.
In order to assess the quality of the fit, the relative uncertainty is calculated. As there are
no measurement uncertainties on the simulated showers, the absolute residuals are not directly
comparable between events. This is especially true, given the fact that the simulated events
span three orders of magnitude in energy, which delivers pulse powers that span six orders of
magnitude. Therefore, the relative difference between original simulation and fit is calculated,
as it is shown in figure 6.6. The difference between fit and simulation, normalized to the
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Figure 6.5: Detailed result of the fit of a single simulated shower. In both figures the original simulation
for every simulated antenna position (see figure 6.3) is depicted as a black open square and the value
of the fit at this antenna position is indicated by a red circle. The results are shown as projections onto
the ~v× ~B- and the ~v× (~v× ~B)-axis. As the emission pattern is (almost) symmetric with respect to the
~v × ~B-axis, the two arms of the pattern that lie at 45◦ are only distinguishable in the left figure.
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Figure 6.6: The residuals of the fit shown in figure 6.5. Left: Relative differences between the inte-
grated pulse power at each antenna position as obtained from simulations and given by the fit, normal-
ized to the value of the simulation at every position. Right: Relative differences between the integrated
pulse power at each antenna position as obtained from simulations and given by the fit, normalized to
the maximum integrated pulse power of the shower simulation.
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Figure 6.7: The fit quality as a function of distance to the shower maximum (see equation (6.3)).
The uncertainty is calculated as average per simulated antenna of the absolute difference between fit
and simulation. This average is re-normalised with the maximum signal in the simulation to ensure
comparability between events. The figure shows a decrease in fit quality with decreasing distance to
Xmax. The energy of the simulated shower is encoded in color, there is no (visible) correlation with
energy.
individual simulated pulse powers at every position, is shown on the left. In regions with lower
signal this gets rather large as a small value is divided by an even smaller value. These are
however the less relevant parts of the shower as they contain low (possibly experimentally not
measurable) signals. In order to make the relevant part better visible the difference normalized
to the maximum simulated pulse power is shown on the right.
Those regions of the fit that show the largest deviations, are those that lie at the outer
fall-off (in figures 6.5 and 6.6 at around 250 m). This could be explained by the fact that the
fall-off is expected to be exponential, but possibly falling off with a different exponent. In
order to obtain the observed turn-over an even exponent (2 for a Gaussian) is needed, limiting
the choice of the precise slope, which results in a deviation at the fall-off. This deviation is
however rather small with respect to the other well fitted features.
To make the uncertainties comparable, the average deviation is calculated per simulated
event. This is done by determining the absolute deviation per simulated data point with respect
to the maximum signal in the shower and then averaging these deviations for the respective
simulated shower. The result is shown in figure 6.7. The fit quality is not the same for all types
of showers. The figure shows that the fit quality is a function of the distance to the shower
maximum. The distance to the shower maximum is for this purpose defined as:
D(Xmax) [g/cm
2] = Xatm[g/cm
2]/ cos(θ)−Xmax[g/cm2]. (6.3)
Here, the column density D of the distance through which the shower travels from the shower
maximum is calculated. Xatm is the vertical integrated column density of the whole atmo-
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sphere. Radio emission is essentially sensitive to the geometric distance from the ground to
the shower maximum (e.g. in km). For simulations with a known atmosphere and shower
arrival direction, both are equivalent.
The dependency can be explained by the effect that propagation in the atmosphere has on
the radio signal. As radio emission suffers from almost no attenuation in the atmosphere, the
overall detectable power stays the same with increasing distance to Xmax. From geometrical
considerations it follows that, given a certain opening angle of the emission, the detectable
power will be distributed over a larger area on the ground for larger distances. If the signals
are still above the detection threshold (energy threshold), that will make those larger events
experimentally easier to resolve. For simulations, this means that smaller events are likely
to be dominated by antennas with artificial thinning noise. This reduces the fit quality, as
the Gaussian goes to zero at larger distances, while the simulations do not. This could be
overcome by applying a (subjective) signal-to-noise cut or reintroducing the offset parameter
O, which induces other difficulties. In order to not have this effect dominate the fit quality, the
RMS of the fit is not chosen as a quality measure. Using the average difference between fit
and simulation instead, allows us to conclude that air showers with a larger distance to Xmax
are better represented by the function.
6.5 Physical interpretation of the fit parameters
The fit parameters can be related to physical parameters of the shower. Each fit parameter will
be discussed with respect to its primary and secondary dependencies. Correlations between
parameters are likely, as the parameterization is based on the shape of the distribution rather
than on possibly separable contributions to the emission.
6.5.1 Primary dependencies
The two amplitudes A+ and A− show a clear correlation with energy of the shower as shown
in figure 6.8. The correlation is in fact quadratic in energy, meaning that A± ∝ E2, which is
characteristic for coherent radiation. It was predicted [49, 53] and measured [56, 148, 149] in
several studies that the amplitude of the induced electric field should indeed be proportional to
the energy, from which follows a quadratic dependence for the correlation with power.
The widths of the distributions σ+ and σ− show a correlation with the distance to the
shower maximum, as shown in figure 6.9. As already discussed before, a dependence of σ±
on the distance to the shower maximum is expected as the signal distribution on the ground
becomes wider with the propagation distance of the shower. These parameters show a different
behavior with distance toXmax, however both can be described by a second order polynomial1.
The additional parameters show less obvious, nonetheless interesting dependencies. The
left side of figure 6.10 shows the main dependence of the shift of the positive Gaussian with
respect to the shower core. The shift depends on the sine of the azimuth of the arrival direction
1σ+ can also be described relatively well by a
√
x-function. The correlation of σ+ and σ− can be described
by an exponential.
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Figure 6.8: Distribution of fitted amplitude parametersA+ andA−. A clear correlation with the energy
of the simulated showers is shown. The red lines indicate linear fits with slopes of 2.0 in both cases,
which correspond to a quadratic power law.
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Figure 6.9: Distribution of fitted width-parameters σ+ and σ−. Both parameters clearly correlate
with the distance to the shower maximum. The red line indicates a second order polynomial fit. The
parameters are given in the appendix.
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Figure 6.10: Distribution of the fitted shift parameters X+ and Y+. Left: The shift of the positive
Gaussian X+ in the direction of the ~v× ~B-axis shows a dependence on azimuth angle. Right: The shift
of the positive Gaussian Y+ in the direction of the ~v × (~v × ~B)-axis also shows an, although different,
dependence on azimuth angle. Sine functions are fitted to both parameters and are indicated by the red
line.
of the shower, which is measured in coordinates on the ground. This is most likely related to
the interplay between the charge excess and the geomagnetic signal contribution. At azimuth
angles of 90◦ (North) the arriving air showers are more perpendicular to the magnetic field,
meaning that the geomagnetic contribution is stronger than at 270◦ (South), where the showers
are more parallel to the local magnetic field. Given that the contribution of the charge excess
is equally strong for all arrival directions, the ratio of the two processes changes with azimuth
angle. The lateral fall-off of the two contributions is expected to be different [141]. The
charge excess falls off flatter than the geomagnetic contribution. The addition of the two
effects is therefore different for different observer positions with respect to the shower core. In
the observer direction in which the electric fields of the two contributions are parallel (positive
~v × ~B), this means that once the ratio of the two contribution shifts towards more charge
excess, the maximum signal will move further out with respect to the core. This is what the fit
represents in the X+ parameter.
The dependence of Y+ on the arrival direction as shown on the right in figure 6.10 is
significantly smaller. The changes as function of azimuth angle are the largest for events
arriving from the direction of the magnetic field (270◦). Additionally, the parameter shows
a weak dependence on the zenith angle of the arrival direction: the scatter around the mean
value increases with zenith angle. One could speculate about the physical explanation of this
behavior as function of the shower development. As, however, shifts of less than 5 m are
usually experimentally not resolvable in air showers, the dependencies are not relevant for the
applicability of the parameterization.
The most difficult dependence to explain is the one of X− as it is shown in figure 6.11. For
large values of distance to the shower maximum, it shows a rise similar to the one observed in
σ+. This however changes for values smaller than 500 g/cm2. There are two possible expla-
nations. Either this point coincides with the point at which the quality of the fit decreases (see
figure 6.7). As discussed before, the decreased quality might be correlated with the number
of antennas with a significant signal. It is easy to conclude that once the area with significant
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Figure 6.11: Distribution of the fitted shift parameter X− as function of the distance to shower maxi-
mum.
signal becomes smaller, the importance of the negative Gaussian will decrease. If the structure
of the peak is no longer well resolved, the values for the position of the negative Gaussian
will be less well defined. This would, however, rather lead to an increase in the spread of the
values, which is not observed.
Alternatively, we could be observing a change in the dominance of processes. The negative
Gaussian is needed to capture the asymmetry of the signal due to charge excess and geomag-
netic effect, as well as the enhancement induced by the relativistic time compression (here,
ring like structure at larger zenith angles.). If for events that penetrate deep into the atmo-
sphere the enhancement due to time compression becomes less important, the X−parameter
might also change behavior. It should be noted that it is possible that this behavior is artificial
and introduced by the choice of fitting procedure. Testing a different algorithm has, however,
lead to comparable results which makes it unlikely to be artifact.
6.5.2 Secondary dependencies
If one corrects the fit parameters by the aforementioned relations, one can observe secondary
dependencies on air shower parameters.
The remaining scatter of A± shows a dependence on the angle α between the shower axis
and the local magnetic field, as already suggested in [49]. This is visualized in figure 6.12.
What is also shown is that the distance to the shower maximum has a large influence, which is
not taken into account in earlier parameterizations. This dependence is already visible in figure
6.8 by the vertical groups of points, indicating an air shower of the same energy and direction
with different values for the shower maximum. Figure 6.12 shows that determining the energy
of the shower solely based on A± is not the approach that delivers the highest resolution. The
energy resolution based on A± will however improve, if one uses the independent parameter
of the angle to the magnetic field (obtained from the arrival times of the radio signals in the
antennas) and an estimate of the distance to the shower maximum, as obtained from σ±. In
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Figure 6.12: Distribution of secondary dependencies on shower parameters. Left: The parameter A+
has been corrected for the fitted dependence on energy. The remaining scatter is a function of the
angle between the shower axis and the direction of the magnetic field α and the distance to the shower
maximum, Xmax. The dependence on sin(α) also varies with different distances to Xmax. Right: The
parameter X+ has been corrected for the fitted dependence on the arrival direction. The remaining
scatter shows a geometric dependence on Xmax.
order to resolve the energy with a higher accuracy, a combination of parameters or the power
at a certain distance might be worth pursuing [56, 150].
The remaining fluctuations for σ± are 8% effects and show no obvious secondary correla-
tion with other air shower parameters.
The residuals from the sine fit to X+ are about 15% and show a slight dependence on
distance to Xmax, as shown in figure 6.12. It is interesting to note that they show a different
behavior for different values of Xmax. For events with large zenith angles (horizontal showers)
the correction factor is underestimated for small values of Xmax (high showers) and for small
zenith angles (vertical showers) the correction factor is overestimated for small values ofXmax.
This could be explained by the fact that this fitting variable does not only represent one single
mechanism but a combination, also including relativistic time compression, which correlate
with the zenith angle, as it was already discussed for X−. As X+ and X− both describe
shifts in the ~v × ~B-axis, a correlation of the two parameters with respect to the change in
dominating effect is likely. This is illustrated in figure 6.13. Here, the difference between
the two parameters, i.e. the offset of the two Gaussians with respect to each other, is shown.
This offset depends on the angle α between the shower and the magnetic field, as well as
on the distance to the shower maximum. As, however, these parameters are also correlated
for geometric reason, i.e. a small value of sin(α) is only allowed for a very narrow range of
zenith angles, it becomes difficult to disentangle which effect dominates. It should however
be noted that the secondary dependency on distance to Xmax (15% of 35 meters) is probably
experimentally unresolvable.
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Figure 6.13: Dependence of the difference of X+ and X− as a function of the angle between the
shower and the magnetic field. The dependence on the distance to the shower maximum is encoded in
color.
6.6 Reduction of the parameterization
Using the findings of the previous section, the initial parameterization can be reduced in two
ways that will be discussed in the following subsections.
6.6.1 Direct reduction to a function of air shower properties
One can chose to rewrite the equation (6.2) in a way that it is only a function of physical shower
parameters, namely the energy of the shower E, the arrival direction (θ, φ), the position of the
shower maximum Xmax and the position of the shower axis (X, Y ):
P (x′, y′) = f1(E) · exp
(−f2(φ,X, Y, x′, y′)
f3(θ,Xmax)
)
−C0 · f1(E) · exp
(−f4(θ,Xmax, X, Y, x′, y′)
f5(θ,Xmax)
)
(6.4)
with
f1(E) = C1 · E2, (6.5)
f2(φ,X, Y, x
′, y′) = [x′ − (X + C2 · sin(φ) + C3)]2
+[y′ − (Y + C4 · sin(φ) + C5)]2, (6.6)
f3(θ,Xmax) = [C6 + C7 · (Xatm/cos(θ)−Xmax)
+C8 · (Xatm/cos(θ)−Xmax)2]2, (6.7)
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f4(θ,Xmax, X, Y, x
′, y′) = [x′ − (X +
4∑
n=0
C12,n · (Xatm/ cos(θ)−Xmax)n)]2
+(y′ − Y )2, (6.8)
f5(θ,Xmax) = [C9 + C10 · (Xatm/ cos(θ)−Xmax)
+C11 · (Xatm/ cos(θ)−Xmax)2]2 (6.9)
The constants C0, . . . C11 and C12,0 . . . C12,4 have been determined from simulation studies and
can be found in table 6.1 for the LOFAR conditions.
It should be noted that for real measurements a changing atmosphere has to be taken into
account to determine the height of shower maximum in g/cm2 and the experimental depen-
dence is more likely to be the actual physical distance in km. For simulations, which are all
made using the same atmosphere, those two parameters can be translated into each other with
a known relation, based on the atmospheric model used.
This function can be used to predict the radio signal from a given air shower, using a given
arrival direction, energy and Xmax. Applying equation (6.4) to the same simulation set as from
which it was derived, results in a measure of the quality of this description. This is shown
in figure 6.14. The relative residuals are on average (±)16.9% of the signal. The uncertainty
Ci Fit value
C0 0.24± 0.08
C1 10
−52.8±0.1 J · m−2· eV−2
C2 −7.88± 0.09 m
C3 28.58± 0.06 m
C4 1.98± 0.03 m
C5 −2.57± 0.02 m
C6 −54.9± 0.7 m
C7 0.44± 0.01 m · g−1· cm2
C8 −1.27 · 10−4 ± 1 · 10−6 m · (g−1· cm2)2
C9 20.4± 0.8 m
C10 0.006± 0.002 m · g−1· cm2
C11 9.7 · 10−5 ± 1 · 10−6 m · (g−1· cm2)2
C12,0 107± 4 m
C12,1 −0.94± 0.02 m · g−1· cm2
C12,2 1.94 · 10−3 ± 5 · 10−5 m · (g−1· cm2)2
C12,3 −1.5 · 10−6 ± 5 · 10−8 m · (g−1· cm2)3
C12,4 4.1 · 10−10 ± 2 · 10−11 m · (g−1· cm2)4
Table 6.1: Parameters as obtained for equation (6.4). The parameters are calculated for the measure-
ment situation of LOFAR. (Location at 5 m above sea level, geomagnetic field: 18.6µT north and
45.6µT downwards, bandpass filtered between 10− 90 MHz).
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Figure 6.14: Profile of the residuals between the prediction of equation (6.4) and the original simulation
as function of distance to shower maximum. The residuals are calculated individually for all simulations
and made comparable by normalizing them with respect to the maximum signal. Every bin contains
all showers of the simulated set with the same distance to the shower maximum. No selection on other
shower parameters is applied. The quality of the prediction on average reduces for showers with larger
distances to Xmax. The average absolute residual for all simulations is 16.9%.
is dominated by the scaling factor A+. The spread in the prediction of the parameter A± has
an additional strong dependence on the shower maximum, as it is illustrated in figure 6.12.
For showers with small distances to Xmax, A+ is underestimated, for large distances it is
overestimated. The prediction quality is only a function the distance to the shower maximum
and thereby of zenith angle and Xmax of the shower.
A study of the individual simulations shows that the width and location parameters are very
well predicted, when compared to the original fit of the simulations. Only the estimate for the
absolute scaling is inadequate. The prediction for A+ could be improved if one used different
f1(E) for different zenith angle regimes or bins of distance to Xmax, which would also allow
for a specific correction for the dependence on the angle to the magnetic field.
Due to the method it was derived with, the parameterization describes those air showers
best that occur most frequently in the set of simulations: events with zenith angles between
30◦ and 45◦ that have an average value of Xmax. If the set is restricted to these parameters,
the average uncertainty of the prediction reduces to less than 10%. This is sufficient for a fast
prediction of the signal distribution of the most common air showers.
6.6.2 Reduction to a stable function for data analysis
Regarding the fit stability, equation (6.4) is a less optimal choice as it is prone to terminate in
local minima during fitting, given the multiple occurrence of the same fit parameters. Further-
more, given the uncertainties of total amplitude calibration of experiments, as well as atmo-
spheric models, the initial equation can be reduced in a different way, less dependent on the
absolute scale of the simulation results. One can use the above mentioned relations to exploit
correlations between parameters. As for example both σ+ and σ− only depend on the distance
to the shower maximum, they are also a function of each other. The relation is best and easiest
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described by an exponential dependence. This results in the following parameterization:
P (x′, y′) = A+ · exp
(−[(x′ −Xc)2 + (y′ − Yc)2]
σ2+
)
−C0 · A+ · exp
(−[(x′ − (Xc + x−))2 + ((y′ − Yc))2]
(C1 · eC2·σ+)2
)
(6.10)
Here, (Xc, Yc) is the position of the large Gaussian and does not coincide with the ground
position of the shower axis of the particle component of the shower. That axis can be inferred
by using the relation in (6.6). Together with the known direction parameters (θ, φ), this reduced
approach leaves five free parameters: The position (Xc, Yc), the scaling factor A+, the width
factor σ+ and an offset factor x− for the second Gaussian. C0, the ratio betweenA+ andA−, is
an almost constant, but non-linear function of the distance to the shower maximum. Allowing
the constant C0 to vary in a small range, will improve the fit quality, but will not significantly
affect the results for the other parameters.
In order to minimize the number of parameters, x− could also be fixed to an average value.
This would assume a typical value for Xmax. Especially for experiments with a large spacing
between antennas and therefore small number of measurements per shower, a reduction of
the number of parameters could prove useful, if using the parameterization to determine the
geometry or an energy estimation. For a model reduced in such a way, one only needs a
minimum of four independent measurements. Fixing the parameter would however come at
the cost of a reduced fit quality. Giving the set of simulations used for this analysis, it can
be stated that air showers with a large number of measurements cannot be fitted with a good
quality with a fixed x− parameter.
6.7 Intermediate Conclusions
We presented a parameterization for the signal distribution of the radio emission from air
showers at ground level. All parameters can (within expected experimental uncertainties) be
reduced to physical parameters, namely the energyE of the air shower, the depth of the shower
maximum Xmax, the position of the shower axis (X, Y ), and the arrival direction (φ, θ). This
parameterization (eq.6.4) describes all air showers with an average uncertainty of 17%. This
includes all dependencies on arrival direction and value of Xmax. After once establishing the
parameterization, no additional input from specific simulations is required. In addition to the
parameterization based on air shower parameters, we derived a function that is suitable to be
used on experimental data (eq.6.10). In order to be able to use the discussed parametrization of
the lateral distribution (eq.6.10) in its most minimal form with the largest number of fixed pa-
rameters at least four measurements at different positions are needed, given that in experiments
the arrival direction is estimated independently of the signal strength via timing.
In the following chapters, we will apply the parameterization to data from LOFAR and
AERA and discuss its suitability. We will also study methods to derive Xmax and the energy
of the shower based on this parametrization from measured data and explore the achievable
resolution.
CHAPTER 7
APPLICATION OF THE
PARAMETERIZATION TO LOFAR DATA
In chapter 6 a parameterization was proposed that should be able to describe the LOFAR
data. In this chapter, the suitability of the function is tested by fitting the parameterization to
currently available LOFAR data that were recorded with three or more stations. The results
of the fit are discussed, with special emphasis on the reconstruction quality of air shower
parameters, such as the energy and the depth of the shower maximum.
7.1 Fit of the parameterization
For all LOFAR events, the power in the reconstructed x, y, z-polarization per antenna position
is available, together with its time of arrival (see section 3.2.4). The timing is used to calculate
the arrival direction of the air shower to an accuracy of about 1◦ [71]. The integrated powers
in all three reconstructed polarizations are added up to obtain the total power. Uncertainties
on the power are derived from the integrated power as obtained from the traces, excluding
the pulse window. An additional uncertainty of 2% is added to account for systematic effects
of the antenna model and mutual coupling between the antennas. In addition, the particle
densities as measured with the particle detectors are available, which deliver a reconstruction
of air shower parameters, such as the shower axis and an estimate of the energy of the shower.
All these quantities are used to study the signal pattern at ground level at LOFAR.
7.1.1 Fitting procedure
Using the arrival direction obtained from the pulse timing and the position of the shower axis
obtained from the particle densities, the antenna positions of LOFAR are first transformed into
the shower plane, spanned by ~v × ~B and ~v × ~v × ~B, where ~v is the propagation vector of the
shower and ~B the magnetic field vector. Then a single two-dimensional Gaussian is fit to the
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data, to obtain starting values for the more complex fit of the two-dimensional pattern:
P (x′, y′) = A+ · exp
(−[(x′ −Xc)2 + (y′ − Yc)2]
σ2+
)
−C0 · A+ · exp
(−[(x′ − (Xc + x−))2 + (y′ − Yc)2]
(C1 · eC2·σ+)2
)
(7.1)
The fitting parameters are Xc, Yc, σ+, A+, C0 and x−. This fit is performed in three iterations.
The pattern is first fitted with initial values from the single Gaussian using non-linear least-
squares fitting. In order to check the stability of this fit, the initial values are varied and those
values are chosen that deliver the smallest χ2 value. If this fit terminates successfully, the
second iteration is entered in which outliers are removed. Those data points are removed
that show outlying high residuals of more than 5σ from the best fit. Those points are mostly
antennas with miscabled dipoles (early in the data-set some dipoles had swapped polarizations)
and antennas with misidentified pulses or un-expected malfunctions that are not caught in the
standard reconstruction. In the whole data-set, never more than five data-points are removed
per air shower.
If, however, the first iteration of the fit does not terminate successfully, which manifests
itself in diverging values for σ+, the offset-parameter x− or the scaling ratio C0, an additional
iteration is needed. The event is then fitted with a restricted range of values for x− = [−140, 0]
and C0 = [0.1, 0.6], which corresponds to the widest interval of values expected from simu-
lations. Most events that need this restriction, are events with low station multiplicity and
small signals, as will be discussed in the coming sections. After this fit converges, outliers are
removed from these events with the methods indicated above.
After the final iteration, the χ2 value of the fit is calculated, as well as the coordinates of
the position of the shower axis on the ground, using the equation
xc = Xc − (28.58− 7.88 · sin(φ)), yc = Yc, (7.2)
which is derived from equation 6.6.
As an additional quality check, the particle densities as obtained from LORA are refitted
with an NKG-function as described section 1.2.3. The input to this fit is the position of the
shower axis as derived from the fitted parameters using equation 7.2. The Molière radius rM
and total number of charged particlesNch are given as free parameters. The shower age is fixed
to 1.7. The χ2 of this fit is stored for a quality check. Introducing a combined fitting of the
particle and the radio data has not proven to add a significant advantage. Introducing more free
parameters makes the fit less stable. Adding the particle data without additional weighting to
the unreduced χ2 does not influence the fit significantly for events that are not well constrained
by the radio data. Adding the data-points with increased weights, however tends to affect all
events, even those that are well-constrained by the radio data. As this behavior is undesired
and given the arbitrariness of a weighting-factor, the two fits are not combined and the particle
data are only used for cross-checks. It should be noted that the influence of the particle data is
different for the direct comparison to simulations [101]. Here, the LOFAR data are described
with two free parameters (the position of the shower axis), which makes the fit a lot less prone
to unphysical constellations and the particle data can be used to constrain the core position.
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7.1.2 Estimation of the uncertainties of the fit parameters
The uncertainties on the parameters are derived from the data. The fit is repeated 300 times
on data which are varied within 1σ of their uncertainties, which gives an indication of the fit
stability. The parameters of every fit iteration are then binned in histograms. Most parameters
show a Gaussian distribution, which allows us to derive uncertainties from them. An exception
occurs, where the range of parameters is limited. These events mostly show non-symmetric
distributions or in exceptional cases even double-peaked distributions, indicating that there are
two semi-stable solutions to the fitting problem. These cases occur mostly for events where
the position of the shower axis is not contained at all in the array and a shift of the parameters
(XC , YC) can always be corrected by an adaption of the other parameters. These events can
be easily identified by the quality of the fit of a Gaussian to the distribution. Once identified, a
conservative estimate of the uncertainty is chosen for these events.
7.2 Discussion of fit behavior
The behavior of the fit can be discussed with respect to the whole set and with respect to
individual events, which represent special cases and provide information about the data, as
well as the suitability of the parameterization.
7.2.1 Fit quality
In total, 354 measured air showers were part of the initial set. These are all events measured
with three or more stations after exclusion of misidentified RFI events and all events that were
measured during thunderstorm conditions. Thunderstorm conditions are periods of three hours
around every lightning detection in the vicinity of the superterp by the KNMI (Royal Dutch
Meteorological Institute [151]). Also excluded was one event that shows a signature in its
polarization that was indicative of a strong electric field, despite no lightning detection having
been made [64].
The standard indicator for the quality of the fit is the χ2 over the degrees of freedom of
the fit, ndof. A distribution of the obtained values is shown in figure 7.1. The bulk of the
reconstructed air showers shows values around 1. It should be noted that the typical value
for ndof are larger than 100, meaning that already small deviations from 1 are significant. A
reconstruction is not accepted if the χ2/ndof is larger than 2.
The χ2/ndof is independent of whether the data were taken with the inner set of the low-
band antennas or the outer ring. It is assumed that the inner set might be influenced by cross-
talk between the antennas due to their close spacing [152]. If this deteriorates the measure-
ments, this cannot be seen in this fit quality.
There is, however, a small correlation between the zenith angle and the χ2/ndof as shown
on the right in figure 7.1. Events with a smaller zenith angle are more likely to show a worse
χ2/ndof. The Pearson-correlation coefficient of this distribution is -0.29. This effect will be
discussed in more detail in section 7.2.2.
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Figure 7.1: Left: Distribution of χ2 divided by the number of degrees of freedom of the fit. A long tail
to higher values is visible. The largest values of 30 are not shown in this figure. Right: Correlation of
the χ2/ndof with the zenith angle of the arrival direction of the air shower.
Cut Excluded Air showers
All air shower candidates 794
LBA 176 618
≥ three stations 222 396
RFI 12 384
Thunderstorm 30 354
χ2/ndof > 2 23 331
|Xc| or |Yc| > 1000 m 1 330
N(functioncalls) at maximum 17 313
σσ+ > 100 m 14 299
A−/A+ > 1 or A−/A+ < 0.1 4 295
Table 7.1: Quality criteria imposed on the air shower after the initial reconstruction and on the param-
eters of the fit. Air showers that fail any of these criteria will not be used for the analysis.
In addition to the cut on χ2/ndof itself, other cuts are imposed on the reconstructions.
They are summarized in table 7.1. They exclude events in which the fit did not terminate in a
minimum or where runaway parameters were present.
7.2.2 Classes of events
In order to get a better feeling of the behavior of the fit, it is instructive to inspect individual
reconstructions. Two examples of a convincing fit are shown in figure 7.2. The reduced χ2 for
the fits are 1.3 and 1.6, respectively.
The events that are classified as a failed fit, usually show very low signals with little struc-
ture. For this configuration the fitting routine cannot find a minimum. The solution is either
a diverging axis position or as shown in figure 7.3, a diverging σ+. All these candidates are
caught by the cuts explained above. Especially, the criterion that three stations are required
is advantageous for the fit quality. The more stations are triggered the higher the probability
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Figure 7.2: Air showers as measured with LOFAR with the best fits to the data (equation (6.10)).
Left: Pattern projected into the shower plane. The circles indicate the measurements, the background
indicates the fit. The integrated total pulse power is encoded in color. Right: Pulse power as a function
of the distance to the shower axis. The open black squares indicate the measurements, the full dark red
circles show the fit to the data.
to have measured some structure in the event. It should be noted that there are also some air
showers that were only measured with one station and can still be reconstructed.
Another difficult set of events is air showers with a very small footprint. These are mostly
vertical and their width indicates a large Xmax, i.e. a very short travel time of the radio signal
through the atmosphere. Two examples are shown on top in figure 7.4. While the regions from
50 m and further out are nicely represented, the fit function is unable to account for the highest
signals near the shower axis. One is tempted to disregard these data points as outliers, however
their systematic occurrence in vertical showers, points at a real physical phenomenon. The
same was indicated in the slightly worse χ2 for vertical showers. The corresponding trend was
already observed when studying the full set of simulations. There, however, the uncertainty
was always dominated by the large number of antennas that did not measure a signal. It seems
that the parameterization in its current form is less well-suited for signals measured close to the
axis in vertical events. However, these events also have the smallest likelihood to be detected
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Figure 7.3: Example of a failed reconstruction of an air shower. The footprint on the left shows that
the width parameter σ+ diverged. The reason for this is the missing structure in the signal as can be
seen in the classical view of signal strength as function of distance to the shower axis on the right.
due to their small footprint.
In addition, almost no air shower measured during thunderstorm conditions shows a signal
distribution that can be fitted with the given parameterization. The shape sometimes look sim-
ilar to the normal behavior (see the bottom row of figure 7.4) and sometimes it is completely
different [67].
The discussed cases cover all aspects of non-convincing fits. Additional examples of the
lateral distribution of successful fits are shown in figure 7.5. This figure illustrates that the
air showers show a variety of shapes and that a one-dimensional lateral distribution function
cannot describe the data.
7.3 Reconstruction of the shower axis
One goal of fitting the parameterization to data is the reconstruction of the shower axis. As the
direction of the axis is reconstructed using the arrival times of the signals, the parameterization
is only used to determine the position of the axis. It was predicted by the simulations that both
Xc and Yc should show a relation to the position of the shower axis. As the true position is
not known for data, only an indication can be given by using the axis position as reconstructed
from the particle data. In order to preserve a large set of events, no quality cut was applied to
the reconstruction of LORA. Usually, the axis position is only accepted, if it falls within the
instrumented area and if the fit of the NKG-function converges within a restricted parameter
range [133]. This would, however, severely limit the set of data and therefore the data are used
without cuts in the hope that the air showers with a poor reconstruction quality will average
out. The differences between the reconstructed axis position determined by the particle data
and the radio data is shown in figure 7.6. Both distributions have a width of around 25 m,
which is probably influenced by the resolution of the particle detectors rather than the one
from the parameterization. However, more interesting is the offset that is visible between the
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Figure 7.4: Examples of reconstructed air showers that show deviations from the fitted function. The
top two air showers are more vertical than the average showers (zenith angles of 23◦ and 27◦) and
show outlying data points towards the shower axis. The bottom air shower was measured during strong
electric fields of a thunderstorm. It shows an overall deviating shape.
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Figure 7.5: Examples of reconstructed air showers. All images show air showers of different directions
and energies. The bottom right plot shows an example event measured with the inner ring of the LOFAR
low-band antennas, all others are measured with the outer ring.
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Figure 7.6: The fit parameters Xc (left) and Yc (right) with respect to the position of the shower axis as
obtained with the data from the LORA particle detectors. Xc shows an average offset of (25.4±1.8) m
to the value from LORA. The distribution of Yc is centered around (−3.6± 1.7) m.
position in the ~v× ~B-direction, Xc. The distribution is centered around (25.4± 1.8) m, which
is a significant offset from Xc = XLORA.
An offset of exactly this order of magnitude is predicted by the simulations (see section
6.5 and equation 7.2) and was observed before by the CODALEMA experiment [138]. They
fitted a one-dimensional exponential function. If one neglects the contribution of the small
Gaussian, the large Gaussian is of course rotationally symmetric and can be approximated
with an exponential function of the distance to the symmetry axis, however, with a different
fall-off. The fitted position of the Gaussian Xc is then compatible with the offset measured by
CODELEMA. If the air showers are not finely sampled, a one-dimensional approach tends to
show reasonable results. The position in the ~v × ~v × ~B-direction shows no measurable offset,
which was also predicted in simulations. Also CODALEMA measured no significant offset in
the ~v × ~v × ~B-direction.
Using equation 7.2, one can determine the ~v × ~B-coordinate X of the position of the axis
and compare it to the one obtained from the particle data. After the correction the distribution is
centered around (−1.7±1.6) m with a width of (23.5±1.6) m. This shows that the systematic
offset has correctly been accounted for, while the spread slightly decreased from originally
26.3± 1.7 m.
This position of the shower axis can also be compared to the 50 air showers, for which a
detailed full Monte Carlo study was performed [101]. Hereby, the interpolation of the com-
plete emission pattern as predicted by the simulations was fit to the data and the best fitting
Xmax was determined. For every simulated air shower (matching arrival direction) and thereby
every Xmax, the fit is done by shifting the simulated shower core position and thereby the in-
terpolated pattern until it best fits the data from LOFAR. Also, the particle densities from the
simulations are matched with the data from LORA. These fits are very stable, however also
very computationally expensive and therefore only 50 air showers were treated in this way.
The correlation between the axis position of the two methods, after conversion into the
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Figure 7.7: Position of the shower axis as reconstructed with the fit of the parameterization to the radio
data as a function of the axis position obtained from a full Monte-Carlo approach of fitting both the
interpolated radio pattern and the particle densities directly. The red lines indicate fits to the data.
ground plane, is shown in figure 7.7. Two straight lines were fit to the data resulting in
North : yfit = (1.7± 1.0 m) + (0.993± 0.010) · ysim (7.3)
East : xfit = (−0.2± 0.1 m) + (1.02± 0.007) · xsim. (7.4)
Both equations represent an almost perfect line through the origin and thereby illustrate a very
convincing agreement of both methods over the whole range of axis positions. Especially,
there are no systematic offsets observable.
The resolution of the axis position obtained form this method is shown in figure 7.8. It was
obtained by varying the positions within their uncertainties 200 times and filling the residual to
the prediction into an histogram. The distribution is not Gaussian due to the values with large
uncertainties. The resolution on the axis position with this method is therefore better than the
widths of the fitted Gaussians, which are 18 m and 14 m, respectively. This resolution includes
the resolution of the full Monte Carlo method to which the values are compared.
7.4 Reconstruction of the energy
The scaling parameter A+ is expected to be correlated with the energy of the primary cosmic
ray. There are two options to test this correlation. We can use the 50 air showers for with a full
Monte Carlo comparison was made, or the energy estimate that is available from the particle
array. Both approaches will be followed in this section.
7.4.1 Correlation with parameters from particle data
The energy of each air shower can be estimated using the total number of charged particles
Nch of the NKG-function that is fitted to the particle data. This value is corrected to the Nch
for an air shower arriving from 21◦ zenith angle according to
ln(Nch(21
◦)) = ln(Nch(θ)) +
X0
Λ
(sec(θ)− sec(21◦)), (7.5)
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Figure 7.8: Resolution of the axis position in east-west (left) and north-south (right) with respect to
the axis positions obtained from the full Monte-Carlo method. The lines are fits of Gaussian functions,
which indicate the upper limit of the resolution of this method.
using the vertical atmospheric depth X0 and the average attenuation length Λ = 220 g/cm2 as
obtained from the LORA data [133]. This parameter Nch(21◦) is almost linearly proportional
to the energy of the air shower. Using the relation
logE = a+ b logNch(21
◦) (7.6)
with the parameters
a = 1.23, b = 0.95. (7.7)
These parameters were originally obtained for KASCADE, but have proven to work well for
LORA [133]. A dedicated update of the values is currently being worked on.
In order to obtain a good value for the parameterNch and then consequently for the energy,
very strict cuts have to be imposed on the particle reconstruction. Especially, the relation was
only tested for zenith angles up to 35◦ and in a configuration where all detectors of LORA were
fully operational. If those cuts on zenith angles, shower reconstruction, and most importantly
detector configuration are applied, only a handful of air showers with a good radio detection
remain. Thus, the values of Nch were used in the whole range of zenith angles and in all
detector configurations. Only moderate cuts on the quality of the fit (number of function calls
below a maximum of 500 and 10 m < rM < 200 m) were applied. It should be noted that
the position of the shower axis was obtained by the radio data of LOFAR. Therefore, the
requirement that events have to be measured close to the shower axis, will be less important,
as the shower axis is fixed.
The results of the correlation ofA+ withNch are shown in figure 7.9 and the corresponding
correlation with the energy in figure 7.10.
A lot of interesting characteristics are visible. First of all, there is a clear correlation of
both Nch and the energy with the parameter A+. Secondly, a possible threshold effect is
visible. Below log(Nch) = 6.9, which corresponds to an energy of 6.8 · 1016 eV, the relation
seem to flatten off. This is roughly the energy where the pulse detection is not expected to
be fully efficient (details depending on the ambient noise level), and one can assume that the
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Figure 7.10: The fit parameter A+ as a function of the energy as obtained from the number of charged
particlesNch(21◦). No uncertainties for the energy are given. The red line indicates the best fit obtained
from a sub set of data (see figure 7.12). The blue dotted-dashed line gives an indication of the location
of a possible detection threshold in A+ and its corresponding energy.
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Figure 7.11: Histogram of the energies as obtained from number of charged particles Nch(21◦).
measured air showers are likely to be upward fluctuations of the signal or heavily influence by
noise. The threshold is indicated in energy (Nch) and the A+-parameter by the dashed-dotted
lines.
In addition, one can identify a large scatter in the correlation. This hints at potentially
misidentified or mis-reconstructed air showers. Most likely, the group of events below the line
in Nch and above the line in E are events that are over estimated in energy from the particle
detectors. More strict and efficient cuts might eliminate these events. However, a more detailed
study is needed. The red line in both plots, is a fit to a subset of these data and will be discussed
in detail the next section.
If one bins all measured air showers in an histogram, figure 7.11 is obtained. The most
likely energy in this histogram is 1.4 · 1017 eV, which corresponds to the results discussed in
section 5.1, where only high quality reconstructions are used.
7.4.2 Correlation with parameters with full Monte Carlo simulation
For a more quantitative approach, the results from the parametrization can again be compared
with the full Monte-Carlo method for the subset of 50 air showers. This is done in figure 7.12.
A nice correlation is visible. A straight line fit to the distribution yields a slope of 0.55± 0.11,
which is compatible with the expectation that the power depends quadratically on the energy
dependency.
The energies used in the full Monte-Carlo method stem from a direct comparison of the
particle output of the simulations and the energy deposit in the detectors. The given energy is
the best fitting one. The uncertainties of the full Monte-Carlo method contain the uncertainty
due to the scaling of the simulations to the radio data and systematic effect of the procedure.
The uncertainty on A+ is only the one obtained from the fit and therefore does not include
additional effects.
Also shown in figure 7.12 are the energies as obtained from the direct reconstruction of the
particle data. These energies are obtained using the shower axis from the radio reconstruction
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.
and the reconstructed particle densities, using equation 7.6. All data points show an agreement
within 1σ to the energy of the best fitting air shower simulation. However, for 5 air showers, no
sensible value for the energy was obtainable. This was due to diverging values of the Molière
radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.
The nice agreement between the values obtained from the particle data directly and the full
Monte Carlo values, can now also help exploring the correlation of the full data-set. The best
fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on
the particle reconstruction might be necessary to obtain a good prediction quality.
Using the results from the full Monte Carlo approach only, one can again give an estimate
of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution
results from varying the data 300 times within their uncertainties and calculating the remain-
ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is
especially interesting that there is a cluster at lower energies where the signal seems to be
overestimated. This might be caused by an inaccurate treatment of the noise for small pulses
or a threshold effect and has to be investigated further. Two fits to the distribution are shown.
One to the full distribution and one excluding the tail of the distribution. According to both
fits, the energy resolution is about 30% and contains the uncertainties of both methods.
As it was shown before, the A+ parameter also shows a dependence on the angle with the
magnetic field α and the distance to the shower maximum, mostly represented by the zenith
angle. In future studies, it should be investigated whether subdividing the set into bins of
zenith angles, can improve the prediction quality. For this more than 50 air showers or a more
sophisticated treatment of the particle data are needed.
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Figure 7.13: Energy resolution as obtained from the differences between the full Monte-Carlo result
and the parameter A+. The solid line shows the fit of a Gaussian to the whole distribution, the dashed
line a fit excluding the tail of the distribution.
7.4.3 Excursus: Finding the best energy estimator
Precisely determining the energy of a cosmic ray from the radio emission of its air shower
is one of the major open questions. In principle, the expected amplitude everywhere in the
pattern should scale linearly with the energy of the incoming particle due to the coherence of
the pulse. However, as was shown in this thesis, the amplitude and pulse power are also a
function of the distance to the shower maximum. This will affect the pulse powers differently
for different distances, which will affect the prediction quality of a single pulse. In addition,
the prediction quality of the A+ might not be the optimum that is achievable with radio. It is
therefore worthwhile to investigate other possibilities to obtain the energy.
Huege, Ulrich, and Engel [150] argue in their article that there should be a distance d0
to the shower axis at which the correlation of the pulse strength with the energy should be
strongest, as there the influence of the geometry is weakest. They test this hypothesis on a
set of air shower-simulations using the radio emission model REAS2 (later developed into
CoREAS). They simulate a regular grid of antennas at 1400 m above sea-level, representing
the Pierre Auger Observatory. On this grid, they simulate four types of showers: showers of
60◦ zenith angle, arriving from south, east and north, as well as showers of 45◦ arriving from
the south. The radio pulses are filtered in three different ranges: 16− 32 MHz, 32− 64 MHz,
and 64− 128 MHz.
They find for a given frequency range and zenith angle a characteristic distance to the
shower axis at which indeed the correlation with the energy of the primary is strongest. They
find a residuals fluctuation of 5-7%. The two distances identified are significantly different for
the two zenith angle bins. For the more horizontal showers, it is found at around d0 = 175 m,
while it is at d0 = 50 m for the more vertical showers. As the air shower models evolved, the
predictions for the pattern of the radio signals changed. Especially relevant was in the inclusion
of a realistic index of refraction, which was not included in REAS2. Therefore, similar studies
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Figure 7.14: Energy resolution as a function of distance to the shower axis. The resolution is cal-
culated for three different parameters. The average power P¯ (red circles), the average amplitude A¯
(blue squares) and the amplitude in ~v × ~v × ~B-direction A (black triangles). At distances larger than
300 m, the influence of the numeric noise on the parameter estimation can no longer be neglected and
the depicted uncertainties are likely to be underestimated.
have been repeated to clarify if also the more recent models confirm the existence of such a
preferred distance [56, 57]. The distances found, are comparable to the ones found in earlier
simulations and are around 100 m. Both analyses, however, use a model to fit the signal
distribution, which is incompatible with the two-dimensional parameterization found in this
thesis.
It is difficult to disentangle, how much of the predicted and observed effects can be at-
tributed to the method applied (one-dimensional fit to the data, previous version of simulation
code) and how much is indeed inherent to the data. Therefore, it seems worthwhile repeating
the analysis, using the set of simulations prepared for LOFAR. Given the regular star pattern
of antennas, it will not be necessary to fit a model to the data, in order to identify the preferred
distance.
Preferred distance for energy estimation
In a first step, the whole set of simulations (see chapter 6.2) is tested. The average power
P¯ , the average amplitude A¯, and the amplitude in ~v × ~v × ~B-direction A are calculated at a
certain distance and a correlation of the parameter with the energy Esim is established. This is
repeated for all distances and the residual spread Eres is calculated.
Eres = [Esim − Epred(A ∨ A¯ ∨ P¯ )]/Esim (7.8)
The average signal is calculated over the whole ring of 360◦, which includes eight antennas in
the star pattern. The distances are chosen to match the simulated distances at (15 + i · 25) m,
for i = 0, . . . , 20. The results are shown in figure 7.14.
There is clearly a preferred distance at around 140± 15 m. The result is consistent for the
average amplitude and a single amplitude in ~v × ~v × ~B-direction at the distance. The optimal
7.4. Reconstruction of the energy 123
distance for the power seems to be slightly smaller. Interesting to note is that the results for
the average amplitude and the individual amplitude are indeed consistent, but that the results
from the average power are different. While all three find a minimum at a similar distance,
the achievable energy resolution is with 15% worse than the one retrieved from the amplitude
(9%).
A possible explanation for this behavior is the interplay between the two main emission
mechanisms, as the averaging will be different for power and amplitude. Given ~G as contri-
bution of the geomagnetic emission in ~v × ~B-direction and ~C the contribution of the charge
excess:
A¯ =
1
N
360◦∑
φ=0◦
|(~G+ ~C)| (7.9)
=
1
N
360◦∑
φ=0◦
√
G2 + 2CG cos(ϕ) + C2 sin2(ϕ) + C2 cos2(ϕ) (7.10)
P¯ =
1
N
360◦∑
φ=0◦
(~G+ ~C)2 (7.11)
=
1
N
360◦∑
φ=0◦
(~G2 + 2~G~C + ~C2) (7.12)
=
1
N
(
360◦∑
φ=0◦
~G2 +
360◦∑
φ=0◦
2GC cos(ϕ) +
360◦∑
φ=0◦
~C2) (7.13)
=
1
N
360◦∑
φ=0◦
(G2 + C2) (7.14)
If then the charge excess shows a different behavior as function of distance to the shower
axis than the geomagnetic effect, the preferred distance d0 might not be the same for both
effects, thereby smearing out the energy resolution. Alternatively, the squaring to obtain the
power, might increase small fluctuations in amplitude and thereby reduce the resolution. Fur-
thermore, the amplitude shows a different dependence as a function of distance to the shower
axis than the power (see section 6.2). The changing frequency spectrum of the pulse, might
introduce other features that allow a more precise energy reconstruction. It will have to be
verified, if this advantageous feature of the amplitude is still visible in data, when physical
background noise affects the reconstruction of the signal.
The amplitude can either be chosen to be the average amplitude or the amplitude at the
same distance on the ~v × ~v × ~B-axis. The latter is a good approximation of the former, as the
axis is the axis of symmetry in the pattern. Both quantities deliver comparable results.
The individual results of the energy correlation are shown through a number of examples
in figure 7.15. This figure illustrates that the prediction quality is a function of distance, shown
by the increasing spread around the best fit. Furthermore, interesting to note is that at small
distances the vertical showers lie below the line that while at large distances they are above
the line. One can observe two effects: The spread between showers of the same zenith angles
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but different values of Xmax is minimal at the preferred distance. Also, the spread between
showers of different zenith angles is reduced at this distance.
The parameters of the fit are shown in figure 7.16. If the energy scales linearly with the
amplitude and quadratic with power, values of 1 and 0.5 respectively are expected. These
values are indicated by dashed lines in the figures. It shows that the index of the power-law is
a function of distance to the shower axis, but overall very close to (within 10% of) the expected
value. As the fit was calculated analytically, there are no uncertainties on the parameters.
Effect of the zenith angle of the incoming shower
In order to check whether there is an additional zenith dependence, the set of simulations was
split in one set below and one set above 35◦ and the analysis was redone for both parts.
The figure 7.17 shows a dependence on the zenith angle. The behavior is consistent for both
power and amplitude. The preferred distance becomes larger with increasing zenith angle. The
energy resolution for the average amplitude improves to 7% for angles below and 8% above
35◦. Regarding the power, these are now 12% and 11%, respectively. The overall minimal
distance is a clear average of the two zenith distributions. The maximum resolution is found at
125± 15 m (170± 15 m, above 35◦) for the amplitude and at 100± 15 m (170± 15 m, above
35◦) for power. As the simulation set is not equally distributed in angles, additional zenith bins
are not feasible. A detailed study is needed, if one wants to further quantify this behavior.
Intermediate Conclusions
One can conclude that the simulations indeed indicate a distance at which the fluctuations with
respect to the height of the shower maximum become minimal. This preferred distance is a
function of zenith angle. Depending on the binning in zenith angle the preferred distance is
between about 100 m and 180 m for the LOFAR geometry. The best achievable resolution
with this method is about 7% for amplitude and 11% for power, when there is no contribution
of the noise. If one wants to use the distance method to estimate the energy, one also has to
distinguish between events of different zenith angles. This binning in zenith angle is also a way
to improve the prediction quality achievable with the A+ parameter. It is therefore not directly
obvious whether using a preferred distance is a more robust and more promising approach than
using the A+ parameter. This is especially questionable given the fact that one needs either
the signal at a specific distance in a specific direction from the shower axis, or a very finely
sampled grid of antennas around the shower axis to obtain a good average signal. It can be
concluded that the optimum distance between detector stations should not exceed ∼ 150 m by
very much, if one wants to use the preferred distance method.
7.5 Reconstruction of the distance to the shower maximum
The parameter σ+ is predicted to show a correlation to the distance to the shower maximum. At
LOFAR, there is no independent detector that can measure the height of the shower maximum
as the particle detectors are not very sensitive to this parameter. Therefore, the reconstructed
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Figure 7.15: Correlation of the energy of the simulated shower with the amplitude of the pulses aver-
aged at different distances from the shower axis. The zenith angle of the shower is encoded in color.
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Figure 7.16: Indices of the power-laws as shown as an example in figure 7.15. The left figure shows
the slope of the correlation of the amplitudes with the energy of the simulated shower. The right side
shows the slopes of the correlation with power. The dashed lines indicate the theoretical expectation.
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Figure 7.17: The energy resolution as a function of distance to the shower axis. The resolution is
calculated for two groups of the zenith angle and signal parameters. The open red symbols represent
the calculation for the average power P¯ and the filled black symbols the ones for the average amplitude
A¯. The resolution of zenith angles above 35◦ are shown with squares (open and filled, respectively),
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Figure 7.18: Zenith angle dependence of the σ+ (left) and the relation between the zenith angle and
the distance to Xmax (right). Together with both distributions a fit of 1/ cos(θ) is shown.
values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.
On the left side of figure 7.18, all values fitted for σ+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(θ) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible
When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of σ+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax
than the simulations and the need for a curved correlation is not obvious from these data.
σ+ = −54.3 + 0.438 ·D(Xmax)− 0.00012 ·D(Xmax)2 (7.15)
D(Xmax) = 230.0 + 0.91 · σ+ + 0.0080 · σ2+ (7.16)
Using relation 7.16 that connects σ+ and Xmax one can derive the Xmax-resolution by
using σ+ as an indicator. In order to do so, the values of σ+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are
caused by the reconstructed values with large uncertainties. Therefore, the depicted Gaussian
is only fitted as an indication. Its width is 56 g/cm2, which is an upper limit to the resolution.
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the σ+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).
If one excludes the tails from the fit procedure, the width shrinks to 38 g/cm2. Both values are
promising for the usage of this method to measure Xmax based on the radio measurements.
All values of σ+ that were obtained from the complete data-set are shown on the left in
figure 7.21. Using the measured zenith angles and the relation as discussed above, the values
of σ+ can be translated into Xmax. This is shown on the right of figure 7.21. The value of the
largest bin is 650 ± 10 g/cm2. It should be noted that this histogram is now summed over all
energies and therefore, there is no true expected value of Xmax that we can compare this to.
The values for Xmax can also be plotted with respect to their energy. This is done in figure
7.22. The figure shows that there is no obvious trend with increasing energy. The average
value of Xmax is comparable to what has been discussed in section 1.1.2. However, this figure
shows a larger spread. This is quite obviously due to the fact that no cuts were applied, neither
on a possible bias nor on acceptance or exposure. An analysis that turns these results into a
real spectrum of the Xmax as a function of energy still has to follow.
7.6 Intermediate Conclusions
This analysis has shown that the parameterization is very well suited to reconstruct the air
shower from its measured radio signals. The vast majority of air shower measured with LO-
FAR can be independently reconstructed using only information from the radio signals. The
fits capture all the features of the data and show convincing values of χ2. The only exceptions
are air showers measured during thunderstorms and those that do not show a lot of variation in
the measured signal, mostly due to very low signals.
Cross-checks with the reconstructed air shower parameters as obtained from the particle
data were performed. They show that the position of the shower axis can be reconstructed with
a spread of about 15 m, where most of this uncertainty comes from the particle data. It was
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Figure 7.20: Resolution of the shower maximum as obtainable with this method. The red solid line
shows a fit of a Gaussian to the whole distribution, σ = 56 g/cm2. The dashed line is a fit to the central
±100 g/cm2, σ = 38 g/cm2. No systematic uncertainties are taken into account.
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Figure 7.21: Left: Distribution of all measured values of σ+. Using the relation 7.16, these values
can be translated into values of the height of the shower maximum. Right: Distribution of the resulting
values of Xmax.
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Figure 7.22: All reconstructed values of the height of the shower maximum Xmax as function of the
reconstructed energy, using the A+ parameter, which was calibrated against the results from the full
Monte Carlo procedure.
also shown that the A+ parameter shows a correlation with the total number of charged parti-
cles and consequently the energy of the air shower. More data are needed to obtain a sample
on which strict cuts can be imposed to be able to experimentally resolve the energy resolution
of this method. For the time being, a comparison of the reconstructed parameters and the val-
ues obtained from a full Monte Carlo method was performed. Both methods are in very nice
agreement for the reconstructed shower axis, energy and distance to the shower maximum,
while the parameterization is significantly less computationally expensive. The parameteri-
zation delivered an energy resolution of about 30% and a resolution of the shower maximum
of about 38 g/cm2. These numbers could be improved by additional binning in zenith angles
or a more complex fitting function. They are, however, already now very promising for the
applicability of the parameterization.
CHAPTER 8
A PARAMETERIZATION FOR THE RADIO
EMISSION AS MEASURED WITH AERA
The results discussed in chapter 6 and 7 were tuned to LOFAR. Apart from the different density
of antennas and other instrumental differences, LOFAR differs from AERA with respect to the
height above sea level and in field strength and direction of the Earth’s magnetic field (for a
detailed comparison, see section 2.3). Therefore, it is necessary to repeat parts of the analysis
to be able to predict and use a similar parameterization for the emission pattern as measured
with AERA.
8.1 Air shower simulation strategy
A set of air shower simulations was generated specifically for the AERA parameters. The
antennas were again placed on a star-shaped grid, centered around the ground position of the
shower axis. Two sets are available. One having a star pattern that is not aligned with the
~v × ~B-axis due to a problem in the coordinate convention for the setup of the simulations.
A second set was generated with the correct alignment. As it was shown in chapter 7 that
the antennas do not need to be aligned in any particular way to be able to be fitted with the
parameterization and due to the limited computing time available, both samples are used to
test the parameterization.
The simulations were performed analogously to the ones used in chapter 6 using COR-
SIKA 7.400 with FLUKA 2011.2b and QGSJETII.04, generating the radio emission with the
CoREAS plug-in. Magnetic fields and location were set according to the standards of the Pierre
Auger Observatory and as described in the example application of the standard reconstruction
software Offline.
The simulations performed for LOFAR showed that there are no special prerequisites for
the distribution of shower parameters. The parameters azimuth angle, zenith angle, energy,
and distance to the shower maximum Xmax should all be covering the desired range, but there
are no restrictions on specific combinations of parameters or a sampling grid. It was therefore
chosen to simulate five showers per randomly chosen arrival direction (φ, θ) and energy. Zenith
angles θ were simulated between 0◦ and 60◦ for energies between 1017 − 1020 eV. Choosing
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Figure 8.1: Simulated air showers for the AERA site. Left: Distribution of energies and values for
Xmax. Up to five values of Xmax were simulated for one given direction and energy. Right: Arrival
directions. The azimuth direction was randomly chosen in the whole range. The zenith angle range was
sampled more extensively in the range between 25◦ and 45◦.
random parameters has the advantage that not all the simulations need to be finished success-
fully in order to obtain a complete set. The parameters of the simulated events are shown in
figure 8.1. In total there are 521 showers on the correctly rotated grid and 464 others, which
sufficiently cover the parameter space.
8.2 Estimation and Discussion of fit parameters
All simulations were fitted with the same procedures as developed for LOFAR (see equation
6.2 and corresponding discussion), using the parameterization
P (x′, y′) = A+ · exp
(−[(x′ −X+)2 + (y′ − Y+)2]
σ2+
)
−A− · exp
(−[(x′ −X−)2 + (y′)2]
σ2−
)
. (8.1)
However, due to the different height of the observatory and the different direction and strength
of the magnetic field, a different behavior of the fit is expected. Therefore, initial values and
parameters restrictions were adapted accordingly.
8.2.1 Fit quality
The function delivers acceptable results for all events in the simulation set, including both the
ones with the aligned and the non-aligned star pattern of antennas. However, for the pattern
that was not aligned with the symmetry-axis of ~v×~v× ~B, the behavior of Y+ became erratic. Y+
was therefore fixed to zero for this particular set. This is in agreement with the values obtained
from the aligned simulations, where Y+ rarely exceeds values larger than 5 m. The other fit
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Figure 8.2: Example events. Indicated as black open squares is the power measured at the simulated
antenna positions from the original star pattern. The fit to the simulated points is indicated with red
circles. Shown are two cuts through the star pattern. On the left side, this is the ~v × ~B-axis and on the
right the ~v × ~v × ~B-axis. Both figures contain all simulated data points. The characteristics for the the
event shown at the top are Xmax = 715 g/cm2, θ = 52◦, φ = 13◦, while they are for the one shown in
the bottom of the figure Xmax = 730 g/cm2, θ = 13◦, φ = 204◦.
parameters show the same behavior in both sets to a degree that makes them indistinguishable.
Therefore, they are used together as one set for most of this discussion.
Two examples of a fit are shown in figure 8.2. The fit and simulations are shown in the
same representation as for LOFAR (figure 6.5). The agreement between the simulated data and
the fit is good. However, the wider distributions with many antennas with a significant signal
are better represented than when only about 10 antennas show a measurable signal, which is
the case for large values of Xmax or very vertical events. The same trend is depicted in figure
8.3, where the quality of the fit is depicted in the form of its normalized residuals per antenna
position. All features of the distribution are well represented, including the asymmetry and the
fall-off. Differences between simulation and fit rarely exceed the 10% level.
The first differences between the simulations for AERA and the ones for LOFAR are no-
ticeable, once the fit quality is discussed for the whole data-set. In figure 8.4, which corre-
sponds to figure 6.7 for LOFAR, it becomes obvious that the difference in height above sea
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Figure 8.3: Fit quality as a function of position around the shower axis for the example event from the
top of figure 8.2. The differences between simulation and fit are normalized by the maximum power.
The colored areas indicate differences between fit and simulation. A perfect fit is shown in white.
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Figure 8.4: The average fit quality as shown in figure 8.3 for all events as a function of distance to
the shower maximum (see also section 6.4). The energy of the events is indicated in color. There are
different trends as a function of the distance to the shower axis, but there is no correlation with energy.
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level between LOFAR and AERA delivers simulations in a different parameter range with re-
spect to the distance to Xmax. Air showers at AERA are usually detected closer to the shower
maximum, or the shower might not even be fully developed at ground level. The radio foot-
print of the air shower is therefore smaller for the same distribution of zenith angles. This is
clearly illustrated in the figure by the fact that most showers show values of Xmax between
0 and 400 g/cm2, which was regarded as the less frequently occurring parameter at LOFAR.
Apart from this general difference, the fit quality shows a similar behavior for both measure-
ment sites. The steep increase for smaller distances to the shower maximum is visible in the
LOFAR distribution, however only very scarcely sampled. This is due to the limited but in-
creasing number of antennas that show a signal that is not dominated by numerical noise. The
features in the function become less relevant if only a small number of antennas show a sig-
nificant signal and the uncertainty is dominated by antennas at noise level. The visible plateau
for large distances is then only scarcely sampled in the AERA set as these distances to the
shower maximum will only occur very rarely at higher zenith angles. The plateau of similar
fit quality shown in the distribution is reached for large footprints with well resolved features.
Despite this agreement in the form of the distribution,there is the hint that at larger distances
the simulations for AERA have a larger spread than the ones for LOFAR with a slightly worse
fit quality. However, this is also the range that is very poorly sampled for AERA, which does
not allow us to turn this into a firm conclusion. Still, the overall fit quality is good and shows
that the function is also suitable to describe AERA data.
8.2.2 Dependencies of parameters
All fit parameters show clear correlations with air shower parameters, as it was already found
when applying the procedure to simulations for LOFAR. Both width parameters σ+ and σ−
correlate only with the distance to the shower maximum. The correlation is very similar to
the one found for LOFAR, however, by covering a different range of parameters the emphasis
on different characteristics in the distribution varies. This is indicated in figure 8.5, where
the dependence of σ− on σ+ is shown. For LOFAR, the larger distances to the shower max-
imum were better sampled and it therefore had been unclear, how the function would evolve
at smaller distances (see figure 6.9). Here, it is now clear that the dependence of σ+ on the
distance to the shower maximum flattens again at smaller distances. Therefore, a second order
polynomial was fitted, which represents the data best. However, also the best fit obtained from
the LOFAR simulations (exponential function) still represents the data reasonably well. Both
functions are indicated in the figure and thereby it is also directly shown that the behavior
on the distance to the shower maximum is not affected by the direction or the strength of the
magnetic field and is a universal parameter of the shower development. It should be noted that
both sets were simulated with the same standard model for the atmospheric density. However,
the typical atmosphere between LOFAR and AERA differs from this model, which has to be
taken into account when analyzing the experimental data.
The scaling parameters A+ and A− are again functions of the energy of the primary par-
ticle, as shown as an example in figure 8.6. A+ again scales quadratically in energy. The
residual spread on the correlation can again be attributed to the angle with the magnetic field
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Figure 8.5: The fit parameters σ± as function of each other. Both parameters are directly correlated
to the distance to the shower maximum and therefore also a function of each other. The red solid line
indicates the best fit of a second order polynomial. The blue dashed line is the exponential function
that best describes the relation between the two parameters as obtained from the LOFAR simulations.
Some outliers are visible at σ− = 0. In those events, a comparable fit quality was achieved by setting
the width of the second Gaussian to zero. These data-points are therefore due to an instability in the fit.
and foremost the distance to the shower maximum.
Interesting for the further simplification of the fit function is the relation between A+ and
A−. Their ratio is almost constant as shown in figure 8.7 with respect to the distance to the
shower maximum. Interestingly, the ratio is more constant than at LOFAR, where this ratio
cannot be kept fixed for a good fitting quality. There is an additional dependence of the arrival
direction. The remaining spread of the ratio is not a function of the angle between shower
and the magnetic field, α. This is expected as both, A+ and A− should scale similarly with
sin(α). Still, the stable solution seems different for events with an azimuth angle parallel to
the magnetic field.
Both the parameters X− and Y+ show again the same behavior as observed in the simula-
tions for LOFAR.X−, as shown on the left side of figure 8.8, is a function of the distance to the
shower maximum, which is identical to the one observed in figure 6.11. The behavior of Y− is
again comparable to the one depicted in figure 6.10. When discussing this sinusoidal pattern
for LOFAR, the cause of this behavior was unclear. As for AERA, the periodicity is changed,
the effect seems to not be artificial, but caused by the magnetic field. It weakly depends on the
zenith angle, so one is tempted to associate this effect with an asymmetry induced in the air
shower itself. However, as the effect is predicted to be even smaller at AERA than at LOFAR,
where it already was smaller than the measurement accuracy, a further investigation of this
phenomenon will not be attempted here.
The only difference with an experimental consequence is observed in the parameterX+. Its
behavior for AERA is shown on the left in figure 8.9. For comparison the same figure is shown
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Figure 8.6: The parameter A+ as a function of energy. Also indicated is a straight line fit to the
logarithmic data with slope 2.07 ± 0.02, which corresponds to an almost quadratic dependency of the
power on the energy of the shower.
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Figure 8.7: Ratio of the scaling parameters A− and A+ as a function of the distance to the shower
maximum. The color of the data points indicate the azimuthal angle of the incoming cosmic ray.
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Figure 8.8: The offset parameters X− and Y+. Left: X− shows a strong dependence on the distance to
the shower maximum, which is comparable to one observed for LOFAR. Right: Y+ shows a dependence
on the azimuth of the arrival direction. It is the same effect as observed for LOFAR with a shift in
periodicity (direction of magnetic field) and a smaller amplitude.
for LOFAR on the right. The different distances to the shower maximum play the key-role in
this figure. The two distributions are a rough continuation of each other. The colors, which
represent the azimuth angle, are swapped due to the switched magnetic field direction, meaning
that essentially the same effect is observed. The azimuth of the arrival direction determines the
shift of the maximum signal, which can be associated with the interplay of charge access and
geomagnetic effect. For LOFAR this effect was almost constant as a function of the distance
to the shower maximum and therefore to first order only a function of the arrival direction. For
AERA, however, the distance to the shower maximum is the more relevant factor, given the
most likely range of distances to the shower maximum. The behavior can be explained by the
fact that the state of the shower development is relevant for the influence of the two emission
mechanisms, as well as the relativistic time-compression, which turns X− into a nontrivial
function of only the emission mechanisms. The fact that X+ cannot be separated from Xmax
is experimentally challenging, as it gives another cross-dependence.
8.3 Reduction of the number of parameters
As discussed above, the two parameters A+ and A− are to first order only related to the energy
of the shower. To second order they are a function of the distance to the shower maximum
and the angle with the magnetic field. The ratio of A+ and A− is similar for all air showers.
The two parameters σ+ and σ− are to first order a function of the distance to the shower
maximum and consequently also a function of each other. The location parameter X+, being
a shift with respect to the position of the shower axis, is for AERA also primarily a function
of the distance to the shower maximum. In second order it also depends on the azimuth angle.
The shift parameter X− is also primarily dependent on the distance to the shower maximum.
These main dependencies can be used to reduce the function 8.1 to a function of air shower
parameters and to a suitable fitting function for the data measured with AERA.
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Figure 8.9: The offset parameter X+ and its main dependencies. Left: For the AERA simulations, X+
is a function of the distance to the shower maximum and of the azimuth angle, where the dependency
on the distance to the shower maximum is strongest. Right: For the simulations for LOFAR also both
dependencies can be seen, where the azimuth angle has a stronger influence. The effect of the different
magnetic field can be seen by the changing order of the colors, which indicate the azimuth angle.
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Figure 8.10: The location parametersX+ andX− as function of the zenith angle of the arrival direction
of the air shower. The values are binned as indicated with the red lines.
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Range of zenith angle C1,θ C2,θ
0− 10◦ 9.8± 0.3 −22.5± 0.4
10− 20◦ 11.8± 0.4 −24.4± 0.4
20− 30◦ 13.9± 0.3 −26.9± 0.3
30− 40◦ 22.6± 0.4 −34.3± 0.6
40− 50◦ 32.6± 0.9 −40.5± 0.7
50− 60◦ 42.7± 1.0 −19.2± 1.5
Table 8.1: Parameter C1,θ and C2,θ of equation 8.2. The values used to predict the emission pattern are
given for zenith angle bins up to 60◦.
8.3.1 Function based on air shower parameters
As opposed to LOFAR, the distance to the shower maximum plays a more significant role
at AERA. It is the most important influence factor for four parameters of the original fitting
function. For σ+ and σ− at least a third-order polynomial is needed to describe the s-shaped
curves. However then, there is only a very small residual spread on this relation. For X+
and X− polynomial functions of several orders are needed to roughly describe the behavior.
Still, even such high-order polynomials can not fully describe the relation, as the spread on
X+ increases with the azimuth angle as secondary variable. As an alternative to a fit of the
relations, a binned approach can be chosen. This can be accomplished most straight forward
in bins of zenith angles. This is shown in figure 8.10. The corresponding values of the means
are shown in table 8.1.
Using all the information given above, the function can be reduced to predict the emission
strength as a function of x′ and y′:
P (x′, y′) = f1(E) · exp
(−[(x′ − (X + C1,θ))2 + (y′ − Y )2]
(f2(θ,Xmax))2
)
−C0 · f1(E) · exp
(−[(x′ − (X + C2,θ))2 + (y′ − Y )2]
(f3(θ,Xmax))2
)
(8.2)
with
f1(E) = 10
−55.3J ·m−2 · eV−2 · E2 (8.3)
f2(θ,Xmax) = 39.9 m
−0.021 m · (g/cm2)−1 · (Xatm/cos(θ)−Xmax)
+6.2 · 10−4m · (g/cm2)−2 · (Xatm/cos(θ)−Xmax)2
−3.6 · 10−7m · (g/cm2)−3 · (Xatm/cos(θ)−Xmax)3 (8.4)
f3(θ,Xmax) = 24.8m
−0.018 m · (g/cm2)−1 · (Xatm/cos(θ)−Xmax)
+1.4 · 10−4 m · (g/cm2)−2 · (Xatm/cos(θ)−Xmax)2 (8.5)
C0 = 0.41± 0.8 (8.6)
This function predicts the air showers at AERA. It should, however, be noted that these
simulations were performed using no assumption about the direction-dependent sensitivity
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pattern of the antenna and included an ideal bandpass filter, which is a little wider than the
actual implemented filter. For a more realistic treatment the hardware description in Offline
should be used. First tests have shown that the qualitative behavior is not affected by slightly
different filtered ranges (e.g. 20− 90 MHz or 30− 80 MHz), however, some the fit parameters
have to be slightly adapted due to the decrease in signal power. Also, the true ambient noise
level needs to be taken into account, when calculating expected signal strengths.
8.3.2 Suitable fit function
Given the large grid size of between 144 m, 250 m, and 375 m at AERA, the suitable fit func-
tion has to consist of a minimal number of parameters to be able to fit as many showers as
possible. Equation 8.2 already contains only four free parameters. However, as the same pa-
rameters occur in multiple places, this function is not suitable as a stable fitting function. A
function with similarly few parameters is therefore needed in a more stable configuration. This
can be achieved by directly reducing equation 8.1.
The width parameters σ+ and σ− are a function of each other and therefore one of the
parameters can be replaced. Their behavior is best described by a second order polynomial,
requiring three input parameters. The behavior is equally well described by an exponential
function requiring two input parameters. Choosing the second option gives fewer input pa-
rameters and keeps the consistency between LOFAR and AERA at the cost of a slightly worse
resolution.
The ratio of A+ and A− is close to constant for all air showers and can be fixed to the mean
ratio of 0.41± 0.08.
In order to further reduce the number of free parameters, the parameters X+ and Y+ can
be merged with the free parameter of the position of the shower axis (X ,Y ). The combined
parameters will then be related to the shower axis as obtained from the Surface Detector,
however, they will not both be identical. There should be no difference in Y , as Y+ ∼ 0, but
X+ should be offset between 0− 60 m. Given that the core position resolution of the Surface
Detector is of this order of magnitude, the effect will probably only be visible on a statistical
basis. To avoid confusion the naming for the merged parameters will be Xc = X+ + X and
Yc = Y+ + Y .
The parameter X− is also related to the position of the shower axis and can be combined
withX+. The difference of the two parameters is shown in figure 8.11. The difference is rather
constant but also a function of zenith angle. When rewriting X+ as a function of the newly
introduced Xc, the equation can be reduced to a fixed parameter C3 for different zenith angle
bins. For larger zenith angles, the spread on C3 increases, but as the size of the footprint also
increases the number of stations with measurable signal will increase, allowing to use C3 also
as a free parameter for those events. It might be worthwhile to simulate additional events to
cover the zenith angle range from 60◦ upwards.
Taking all the named restrictions into consideration, equation 8.1 can be reduced to the
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Figure 8.11: Development of the difference of X+ and X− as function of the zenith angle of the
cosmic ray. The sum of both parameters is almost constant for the first four bins, as indicated with the
red average bar. The spread and average value increases for more horizontal air showers.
following equation as fit-function for AERA:
P (x′, y′) = A+ · exp
(−[(x′ −Xc)2 + (y′ − Yc)2]
σ2+
)
−C0 · A+ · exp
(−[(x′ − (Xc − C3))2 + (y′ − Yc)2]
(eC1+C2·σ+)2
)
(8.7)
Here, A+, Xc, Yc and σ+ are free parameters. The following parameters can be fixed: C0 =
0.41, C1 = 2.788, C2 = 0.0079. The parameter C3 can be fixed for different ranges of zenith
angle according to table 8.2. If enough stations with signals above the threshold are present in
a measured air shower, C3 should be the first parameter to be included in the fitting process.
Range of zenith angle C3
0− 10◦ 32.3± 0.7
10− 20◦ 36.3± 0.8
20− 30◦ 40.8± 0.5
30− 40◦ 56.9± 0.8
40− 50◦ 73.1± 1.4
50− 60◦ 61.9± 1.9
Table 8.2: Fit parameter C3 and the values it can be fixed to in order to reduce the number of free
parameters for a fit to data.
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8.4 Preliminary application to data
The suitability of equation 8.7 has to be tested on data. For this purpose a set of air showers
was selected. The behavior of the fit is discussed and examples of air shower measurements
are shown.
8.4.1 Data selection and signal parameters
The fitting function was applied to a set of events selected from the scintillator-triggered set-up,
which was taken before February 2014, and a number of showers measured with the externally
triggered set-up.
The set of air showers recorded with the scintillator trigger set-up was reconstructed with
a modified version of the standard application RdHybridReconstruction (April 2014). This
reconstruction uses the standard reconstruction for the data from the Surface Detector and the
reconstruction of the Fluorescence Detector that combines the data from HEAT and Coihueco.
Events were only accepted as air showers if the reconstruction of the arrival direction of the
Surface Detector and the radio reconstruction agreed within 20◦.
Modifications were made by including an up-sampling of a factor of 5, an exclusion of
stations below a signal-to-noise ratio of 8 and the inclusion of the sine-wave suppressor to
remove the lines from the beacon. The three-dimensional electric field reconstruction was
selected and the integrated pulse power was calculated. This was done by selecting the peak
position and summing the power in a window of 55 ns around the peak, which is comparable
to the approach chosen for the LOFAR data [131].
The fit is very sensitive towards the uncertainties on the signal. Given the few data points
per event, the confidence per data point needs to be very precisely known. However, there are
a number of uncertainties that still have to be fully quantified for AERA. The basic uncertainty
is calculated by integrating the noise over the same number of bins as it is done for the sig-
nal window. This describes the general influence of adding noise power to the signal. This
factor is generally an underestimation as there are likely to be additional fluctuations given
the tendency towards fluctuating and non-Gaussian noise at AERA. Additional uncertainties
are the confusion noise, which is, as probability of picking up a random noise pulse instead
of the signal pulse, a function of the signal-to-noise ratio of the detected pulse. Also, the an-
tenna model introduces uncertainties. Those uncertainties will include effects of incorrectly
corrected dispersion (changing frequency components in the signal and in the noise, as well as
hardware differences between stations), dependencies on the arrival direction, intrinsic differ-
ences between antennas, and influences of the ground conditions. Additionally, by correcting
for the antenna model, it is indirectly assumed that all components of the signals, including
the noise on the signal, arrive from the direction of the air shower. This does neither account
for the different arrival directions of the noise nor for the intrinsically curved wavefront. A
study that quantifies all effects in detail has still to be conducted. Preferably, this is done on
a set-up, where the changing hardware and trigger-settings are not the most relevant factors.
For the time being, the uncertainties were estimated. It is assumed that the basic uncertainty
is underestimated by a factor of 10%, that there is a uncertainty that goes with one over the
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signal-to-noise ratio and that the instrumental uncertainties give contributions of around 5% of
the signal strength.
For testing, all raw events were selected from runs 200508, 200512-200520, 200530,
200537, 200538, and 200540 from the scintillator-triggered set-up. These events were re-
constructed as described above, requiring at least 3 stations with detectable pulse above the
signal-to-noise ratio and a successful SD reconstruction. The details of the event statistics can
be found in table 8.3. The remaining 23 air showers are fitted with the parameterization.
Cuts Fraction of excluded events Air shower candidates
All raw events 15043
Reconstructed events 92% 1214
≥ five stations 97% 38
Angular separation < 20◦ 39% 23
Table 8.3: Event statistics for the selected data set of the scintillator triggered stations at AERA. The
largest number of events is excluded because of a missing reconstruction. This is mostly due to non-
identification of three or more radio pulses. A fraction of about 15% is excluded because of a missing
successful Surface Detector reconstruction.
In addition, a selection of data from the externally triggered set-up are fitted with the pa-
rameterization. These air showers are selected from air showers reconstructed with the pre-
liminary version of the RdObserver (see section 3.1). As data measured with the externally
triggered set-up usually contain more stations with a detectable pulse, the selected events are
usesd to give an impression how events with high station-multiplicity behave in the fit. Given
that the data from this set-up are currently not completely available for a uniform reconstruc-
tion with the same settings, there are no statistics given for these events, as it was done for
the other set-up in table 8.3. Both sets, however, show the same characteristics that in most
triggered data-files not enough radio pulses can be found to obtain a successful reconstruction
[132].
8.4.2 Discussion of fit results
The set of events that were fitted, contains events that show a very nice agreement between fit
and data, but also events that deviate from the expectation. An individual inspection delivers
more insight into these cases. Figure 8.12 shows some examples of fits with a good agreement
between data and fit. It should be noted that for all events, the uncertainties are only an
indication due to the reasons discussed above. The uncertainties and consequently the χ2 of
the fit will require some further investigation in order to draw solid conclusions. The detailed
features of the pattern are not sampled finely by the AERA grid and therefore, the examples
are no proof that this function is the only working model. However, given the results from the
simulations and from LOFAR, one is tempted to believe the model.
The fit fails in one case. Here, the measured signals were all of the same strength, just
above the noise level, possibly because they stem from regions outside of the highest signals.
This did not deliver enough information for the fit and resulted in a diverging position of the
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Figure 8.12: Three air showers as reconstructed with the signal parameterization for AERA (eq. 8.7).
Left: Signal pattern in the shower plane. The station positions are indicated by circles and their color
indicates the power. The background pattern shows the fit. Wherever the colors of the circles and the
background are indistinguishable, a good fit is achieved.The axis position reconstructed from the data
from the Surface Detector is located at (0,0). Right: The power per antenna position is shown for the
measurement (blue circle) and the corresponding fit (red square). As orientation the function evaluated
at the position of the dashed line from the left figure is plotted together with the data. The corresponding
event IDs are 200530 78394, 200508 219018 and 200537 1024635.
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shower axis. This effect is comparable to the case, when the shower axis is not contained in
the instrumented area at particle detectors. Here, typically a cut on the distance to the shower
axis is made to exclude these cases. For the radio pattern, however, its intrinsic asymmetry
does not allow for a simple fiducial volume cut. A criterion is needed that is by eye easily put
as the requirement of having measured structure. In order to used this as objective criterion it
will need to be defined by analyzing larger data-sets or realistic simulations.
Problems in five additional events were caused by a contamination with noise. All events
were checked by hand, whether the pulse shape and the noise situation were as expected. In
three cases, this was not given. Either the distribution of signals over antennas (i.e. large gaps
between antennas, unexpected signal timing) or the pulse shape (after pulsing, ringing, ampli-
tude) led to the flagging of four events as candidates for a noise contamination. This is either
the case in multiple stations or only in single stations. As in a larger study, one can neither
manually inspect the events nor will this be an objective criterion, this shows the importance
of having a very well tested reconstruction that takes into consideration a number of criteria
to distinguish radio pulses from noise sources to those from air showers. In combination with
the discussion about the uncertainties, it is of highest importance to have a characterization of
the noise in all its forms and changing features and understand how this influences the data.
It is interesting to note that a number of events from the self-triggered set-up seem to be
missing those stations, for which the largest signal is expected. As it is currently not monitored
whether these stations were indeed fully functional, it cannot be concluded that there were
problems in the triggering procedure. However, in the externally triggered set-up, saturated
signals were already measured and it might be possible that the missing stations were affected
by this. In a continuos data-quality monitoring, this needs to be investigated.
The parameters of all 23 reconstructed air showers are shown in table 8.4. By requiring at
least 5 stations, the event-set is clearly biased towards horizontal showers. The most vertical
shower in the complete set that was fitted has a zenith angle of 24◦. Therefore, these showers
also cover larger values for σ+ than the average value for the simulations. In order to test
whether, the parameter A+ increases quadratically with energy as it is expected, more air
showers are needed. Thoroughly testing the parameterization at AERA will also allow to test
for the absolute scale of the simulations.
Given these first results of the fit, the parameterization should be extended towards more
horizontal air showers, which can help to increase the data set. Dealing with more horizontal
air showers will need a better description of the atmosphere and the distance to the shower
maximum, as the curvature of the Earth needs to be taken into account. Naturally, using also air
showers measured with the externally triggered set and potentially merging both measurements
will increase the number of events. Three air showers measured with the externally triggered
set-up are shown in figure 8.13. These figures show that the parameterization also sufficiently
describes air showers with higher station multiplicity. Clearly, these events cannot be described
by a one-dimensional function of distance to the shower axis. A more quantitative statement
can only be given, once the uncertainties are fully understood.
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Event θ φ Energy [eV] A+ [J/m2] σ+ [m] χ2/ndf comment
508 217211 45.7◦ 192.0◦ 4.5 · 1017 8.7 · 10−17 394 9.7 noise
508 219018 44.5◦ 19.8◦ 1.3 · 1018 4.0 · 10−17 141 1.8
512 25509 54.2◦ 348.6◦ 5.2 · 1017 1.1 · 10−17 207 1.5
516 129878 40.8◦ 4.2◦ 1.1 · 1018 2.2 · 10−17 174 1.8
517 7631 71.7◦ 224.3◦ 1.4 · 1018 −3 · 10−11 524 - fit failed
517 35756 58.5◦ 256.5◦ 1.7 · 1018 6.3 · 10−17 288 7.7
517 87712 48.8◦ 11.3◦ 1.4 · 1018 5.0 · 10−17 173 0.0
519 152683 35.7◦ 159.0◦ 5.5 · 1017 1.2 · 10−16 99 0.6
519 156460 50.7◦ 17.7◦ 3.8 · 1017 3.5 · 10−17 178 2.0 noise (?)
519 208679 33.8◦ 245.3◦ 4.4 · 1017 1.7 · 10−16 141 0.0
519 216659 48.6◦ 243.4◦ 4.7 · 1017 1.2 · 10−16 117 1.6
530 14842 47.8◦ 259.3◦ 8.7 · 1017 5.6 · 10−17 154 0.1
530 78394 58.7◦ 32.1◦ 5.1 · 1018 5.6 · 10−16 215 1.0
537 1024635 51.8◦ 13.3◦ 3.5 · 1017 7.9 · 10−18 177 2.4
537 1068783 65.0◦ 163.7◦ 1.3 · 1018 2.9 · 10−17 341 13.1 > 60◦
537 1967987 46.9◦ 60.9◦ 5.8 · 1017 3.0 · 10−17 257 9.0
537 2292734 40.9◦ 49.3◦ 5.8 · 1017 1.5·10−16 242 10.6
537 2314439 66.0◦ 265.9◦ 7.8 · 1017 2.2 · 10−17 389 2.2 noise
537 2353576 45.0◦ 132.4◦ 3.4 · 1017 1.2 · 10−16 338 35.5
537 2362341 39.5◦ 339.5◦ 1.5 · 1017 1.4 · 10−16 253 4.6
537 2496620 24.0◦ 82.9◦ 4.1 · 1017 2.6 · 10−16 197 50
537 2590044 54.5◦ 312.5◦ 4.3 · 1017 3.4 · 10−17 194 308 noise
537 2639032 46.5◦ 275.6◦ 3.8 · 1018 1.6 · 10−16 186 50.3 noise (?)
787 698261 49.1◦ 355.1◦ 9.5 · 1017 1.3 · 10−17 153 5.3
796 356641 63.1◦ 286.1◦ 6.1 · 1017 6.2 · 10−18 298 1.8
808 699221 54.7◦ 265.4◦ 6.2 · 1017 4.3 · 10−18 240 2.3
Table 8.4: Parameters of the air showers and fits as shown in figure 8.12 in order of their appearance.
The leading 200 is omitted from the run number. The second part of the table shows the parameters for
the events shown in figure 8.13. Here, the leading 100 is omitted. The zenith and azimuth angles, as
well as the energy stem from the reconstruction of the Surface Detector. The reduced χ2 is illustrative,
as the uncertainties are not yet fully reliable as discussed above.
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Figure 8.13: Three air showers measured with the externally triggered set-up of AERA. Left: Signal
pattern in the shower plane. The station positions are indicated by circles and their color indicates the
power. The background pattern shows the fit to the data. Wherever the colors of the circles and the
background are indistinguishable, a good fit is achieved. The axis position reconstructed from the data
from the Surface Detector is located at (0,0). Right: The power per antenna position is shown for the
measurement (blue circle) and the corresponding fit (red square). As orientation the function evaluated
at the position of the dashed line from the left figure is plotted together with the data. The event IDs
and air shower characteristics can be found in the lower half of table 8.4.
CHAPTER 9
CONCLUSIONS AND OUTLOOK
Understanding the radio emission of air shower has made significant progress in the last cou-
ple of years. Building on the success of the proof-of-principle experiments LOPES and CO-
DALEMA, LOFAR and AERA have shown that radio detection of air showers is a competitive
detection technique and that most of the features of the radio emission are well understood.
The various air shower models available that range from detailed microscopic models to
macroscopic calculations, combine the important factors to understand the emission: The in-
teraction with the geomagnetic field, the charge imbalance in the air shower and, maybe most
importantly, the propagation of the emission through the atmosphere. All the tentative predic-
tions from simulations have manifested themselves in data. The air shower front is known to
be hyperbolic, the emission pattern is no longer believed to be symmetric around the shower
axis and the angle of polarization of the pulses gives a very good indication of the interplay of
the emission mechanisms and possible contamination from atmospheric electric fields.
The reconstruction frameworks for data from radio detectors have to be more complex than
the typical ones for particle arrays. As a radio signal contains not only an amplitude response
but also a meaningful frequency and phase spectrum, the signal handling and the background
removal have to cover two domains, time and frequency. Also, the background can add both
constructively and destructively and is usually very much varying in time. While the natural
contributions of the Galaxy are predictable and can be accounted for, the human-made inter-
ference creates non-negligible problems. While, among others, the problem of background
has halted progress about 50 years ago, the techniques are now there to circumvent and reduce
the background. Some of those techniques have been presented in this thesis. They require,
however, an in-depth understanding of the background conditions that binds a lot of research
resources. Also, the understanding of the hardware is still advancing. While complex broad-
band antenna and electronics systems have allowed us to detect air showers, their complexity
now needs to be understood in order to grasp all pulse details. If one needs to understand the
signals with respect to polarization, timing and frequency behavior, one needs to know how
the antennas work in combination with their surroundings, how much dispersion and delays a
system introduces and where dead-times and inefficiencies are.
It was shown in this thesis that a thoroughly developed reconstruction framework can com-
bine all the current knowledge and deliver reliable air shower parameters. A standard recon-
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struction for LOFAR was developed that can independently identify and reconstruct air show-
ers. The results are directly usable and require no fine tuning. The resulting signal parameters
are currently only calibrated relatively to each other, based on the Galactic background. A
campaign using astronomical, as well as dedicated calibration sources to obtain an absolute
calibration is currently underway.
The LOFAR Collaboration has shown very convincingly that the radio emission of air
showers contains information about the shower development. This has proven that detecting
the radio emission is a true alternative technique for cosmic-ray studies. These first results
were extracted with a lot of computational effort and still need a cross-check with an inde-
pendent measurement, not based on simulations. In order for these results to really turn into
a competitive approach, the analysis has to be simplified and the computational effort has to
be reduced, especially with an eye on future large arrays. In this thesis, a parameterization of
the signal pattern at ground level was presented that is significantly simplifying the analysis
and makes it suitable for future arrays. The two-dimensional parameterization can be used in
two ways. As a function of air shower parameters, it offers a fast an effective way to predict
the radio emission for air showers for a given parameter space. Studies regarding the design
of an experiment or concerning the effective area can be sped up and do no longer rely on
time-consuming full air shower simulations. The prediction quality with deviations of about
15% with respect to the full air shower simulations, is sufficient for a general prediction.
When the parameterization is reduced to its most minimal form, it contains four free pa-
rameters, which makes it a suitable tool to fit air showers measured in a large array. It can be
used to obtain the shower axis, the energy, as well as the distance to the shower maximum.
This relatively simple parameterization has already shown its power in convincingly describ-
ing data taken with AERA and with LOFAR. For LOFAR, the parameterization was used to
reconstruct the shower axis, the energy and the distance to the shower maximum of a large set
of air showers. In a first comparison to a full Monte Carlo approach, the parameterization de-
livered a resolution of the axis position of better than 15 m, an energy resolution of about 30%
and an Xmax-resolution of about 40 g/cm2. For AERA, it has been shown that the parameteri-
zation is not only useable on air showers measured with hundreds of antennas at LOFAR, but
also with very few antennas. This is a very important step towards a standard reconstruction
of the radio data and its usage for future large scale experiments.
The work on the parameterization needs to be continued to optimize it for the reconstruc-
tion of the main air shower parameters. The values of the energy and the Xmax-resolution can
still be improved. The energy resolution will, for example, profit from a binning in zenith
angles with a consequent calibration using independent measurements, as it is possible at
the Pierre Auger Observatory. The remaining scatter on the parameters most sensitive to the
shower maximum suggests that there is even the opportunity to measure secondary parameters
of the shower development, which should be pursued further. Moreover, the uncertainties have
to be understood in detail. If the complex signal pattern is only sampled at a few positions,
meaning only some pulses with their specific frequency content, noise contribution and arrival
direction, one needs to be very certain about the confidence region of the measurement. Com-
bining the signal parameterization with the results from the wavefront measurement and the
polarization of the signal will allow us to obtain a full picture of every air shower and extract
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as much information as possible.
The parameterization requires at least four independent measurements of the signal pattern,
which show a signal above the noise level. As the signal is not symmetric, the typical fiducial
distance cuts (i.e. shower axis contained in the instrumented area) as they are applied for
particle detectors are no longer valid. If certain elements of the structure of the signal pattern
are not captured, any reconstruction is bound to fail. Also, the geometric input parameters
of particle detectors have to be of sufficient quality to be usable for a radio reconstruction.
An uncertainty on the core position of 50 m, will not be sufficient for a radio signal that only
covers a couple of hundreds of meters and also shows structures of about this size. For a
classical type of array, where radio detection was to be the main component, one needs to go
for a high antenna density. As antennas do offer the potential of being cheap, this option is
viable, however, requires a revisited design approach. An array of simple but well-understood
antennas, in combination with a particle detector or a still to be optimized self-trigger, has the
potential to be a very effective air shower experiment. The general understanding and the tools
are available. An efficient combination following a common goal is needed.
A challenge for future arrays will be the signal identification. There are two routes that can
be followed, where neither has yet proven to be the only valid option. Radio arrays can be run
in coincidence with particle arrays, as it is currently done at LOFAR and AERA. Detecting a
radio pulse in coincidence with a particle signal is at this moment the purest and most reliable
indication of an air shower. However, the antenna arrays will then be limited by the effec-
tiveness of the particle arrays. Especially with respect to horizontal showers, this might turn
into a draw-back. While particles get more and more attenuated in the atmosphere, their use-
fulness as triggers will decrease for horizontal showers, while the radio emission will not be
attenuated and the illuminated area will become wider, making the pulses easier to detect. The
latter means that one would like to trigger on the radio pulse itself. Self-triggers and searches
based on pulse characteristics have been improving in the last years, however, significantly
more work has to be invested into identifying pulse or event parameters that can distinguish
with a convincing efficiency between an air shower signal and a noise pulse, solely based on
the radio signal itself. As the parameterization presented in this thesis, is a fast method, which
can identify characteristic features that will not be reproducible by artificial sources, it will be
worthwhile to study the effectiveness of this tool to identify air shower signals.
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SUMMARY
Cosmic rays are charged atomic nuclei that are accelerated in astronomical objects. Products
of this type of radiation can be detected at Earth at any given moment. As it is the case
for light, cosmic rays come in different energies. Red light, for example, is of lower energy
than blue light. In visible light these differences in energy are small. Cosmic rays, however,
cover several tens of orders of magnitudes in energy, where the highest energies occur the
least often. Low-energy cosmic rays do not penetrate deep into the atmosphere and they have
to be measured with balloons or satellites. The primary particles collide with other particles
in the atmosphere. With increasing energy these collisions create larger and larger cascades
of secondary particles, which can be measured on Earth. These cascades are referred to as
extensive air shower. The more of these secondary particles can be measured the better the
original particle can be reconstructed. This works analogically to the reconstruction of a car
accident, based on the remainders of the crash.
Measuring cosmic rays primarily aids the understanding of astronomical objects. As cos-
mic rays reach energies that are currently unreachable by human made technology, very strong
and efficient acceleration mechanisms have to be in place. This is only imaginable in very spe-
cial objects, such as active supermassive black holes in centers of galaxies or very large lobes
of radio galaxies. It is yet unknown what the true sources are. This is also partly due to the
fact that cosmic rays are deflect from their trajectory from the sources to Earth by intergalactic
and Galactic magnetic fields. Therefore, it becomes more complicated to correlate the sources
with the arrival directions of the cosmic rays.
In order to improve our understanding of cosmic rays, two ingredients are needed. A
large sample of cosmic rays, measured with the best possible accuracy. Based on this set,
statistical methods can be employed to identify the sources. So far, either too few cosmic rays
are measured or they are measured with an insufficient accuracy. This lack of information
is mostly due to the measurement techniques. Detecting the fluorescence light caused by air
showers, is a very accurate method to determine the energy and the particle type. However, the
method can only be used in moonless nights with clear skies. This essentially limits the number
of cosmic rays that can be detected. Alternatively, air showers are detected with large arrays
of particle detectors. These can be used to measure in all weather conditions, which increases
the number of measured cosmic rays. However, the degree of detail of these measurements is
lower and thereby energy and mass of the original particle are less well determined. A true
alternative is believed to be the measurement of the radio emission of air showers.
Extensive air showers consist of a large amount of charged particles. When these particles
travel through the atmosphere, they are deflected in the Earth’s magnetic field. This induces
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a charge separation as positively and negatively charged particles are deflected in opposite
directions. An additional charge separation is caused by electrons that are dragged along in
the air shower, leaving behind the positively charged ions. Both charge separation processes
induce currents with in turn cause radiation. This radiation is best observed at frequencies
which correspond to the dimensions of the front of the air shower. These are the low MHz-
frequencies. As the emission of the radiation is closely coupled to the development of the air
shower, these measurements are sensitive to the energy and the mass of the primary particle.
In this thesis several aspects of the radio emission are treated. First of all, the background
of human-made and natural radio sources is investigated. For the measurement of radio emis-
sions, it is especially relevant to understand the contributions and the effects that this noise
has on the data. Furthermore, techniques for the data analysis were developed that identify
the air shower signal, correct it for the influence of the antenna and the electronics and recon-
struct the arrival direction of the cosmic ray. Main part of this thesis was the development of
a parameterization of the radio signal as measured on the ground. Such a parameterization is
a standard tool in cosmic-ray physics. However, due to its complexity a suitable parameter-
ization has been unknown for a long time. With the advances in air shower simulations and
the corresponding models of the radio emission, it was possible to develop a model with an
eye on practical applicability. Former methods were computationally expensive and therefore
less suitable for large radio detectors. Test on data from LOFAR and AERA, the two leading
experiments, have shown promising results in reconstructing type and energy of the cosmic
particles.
SAMENVATTING
Kosmische straling, of in het Engels cosmic rays, bestaat uit atoomkernen die in astronomi-
sche objecten versneld worden. Kosmische straling kan op ieder moment op aarde gemeten
worden. Net zoals bij licht zijn er verschillende vormen van kosmische straling die je kan on-
derscheiden op basis van hun energie. Bij licht is rood licht bijvoorbeeld energiezwakker dan
blauw licht. Maar dit zijn nog relatief kleine verschillen in energie. In kosmische straling heb
je verschillen in energie van vele ordes van grootte, waarbij de deeltjes met de hoogste energie
heel zeldzaam zijn. De deeltjes met de kleinste energie komen niet door onze atmosfeer en ze
moeten met luchtballonnen of satellieten gemeten worden. Ook deeltjes met hogere energie
komen niet onbeschadigd door de atmosfeer. Ze botsen met atoomkernen van luchtdeeltjes en
veroorzaken een deeltjeslawine of een zo genoemde extensive air shower. Dit is een cascade
van deeltjes die door de atmosfeer vliegen en continu verder botsen, totdat de energie van de
deeltjes te klein is geworden om nieuwe deeltjes te produceren. Een gedeelte van de deeltjes
bereikt het aardoppervlak, waar ze gemeten kunnen worden. Andere manieren om de deel-
tjeslawines waar te nemen werken met behulp van het fluorescentielicht of de radiostraling die
ze uitzenden als ze door de atmosfeer razen. Onafhankelijk van de methode geldt: Als je een
groot deel van de cascade kan meten, kan je de richting waar de cosmic ray oorspronkelijk
vandaan kwam reconstrueren. Dit werkt net zoals bij een auto-ongeluk waar een expert uit de
brokstukken achteraf kan bepalen wat er gebeurd is.
Kosmische straling geeft zeer waardevolle informatie die nodig is om de natuurkundige
processen in astronomische objecten te begrijpen. Aangezien er kosmische straling met ener-
gieën voorkomt die veel groter zijn dan wat met door mensen gemaakte versnellers kan worden
bereikt, moeten er mechanismen in astronomische objecten bestaan die heel efficiënt deeltjes
versnellen. Zoiets is alleen voorstelbaar in heel bijzondere objecten zoals grote, actieve zwarte
gaten in het centrum van sterrenstelsels. Maar tot nu toe is niet bekend waar de deeltjes daad-
werkelijk vandaan komen. Het verhaal wordt ook ingewikkelder doordat de kosmische straling
op haar reis door het universum door magnetische velden afgebogen wordt. Daarom wijst de
aankomstrichting niet rechtstreeks naar de bronnen van komische straling. De afbuiging is
afhankelijk van de lading en de energie van het deeltje en dus is de kennis van de lading
een belangrijke informatie. Lading en massa zijn unieke eigenschappen van atoomkernen en
hangen een-op-een samen.
Als we meer willen leren over komische straling, moeten er vooral veel van deze deeltjes
gemeten worden en dit met grote nauwkeurigheid. Uit deze metingen kun je dan met hulp van
statistische methoden mogelijke bronnen vinden. Tot nu toe zijn er niet genoeg metingen met
voldoende nauwkeurigheid gedaan. Dit ligt vooral aan de meetmethoden. Door middel van
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fluorescentiedetectie kun je de kosmische straling heel nauwkeurig meten, maar deze techno-
logie werkt alleen in donkere nachten zonder maan en bewolking. Dit beperkt in ernstige mate
het aantal gemeten cosmic rays dat in een bepaalde tijd kan worden verzameld. Een alter-
natief is het gebruik van deeltjesdetectoren. Als je deze over een groot oppervlak verspreid
en in een systeem combineert, kunnen de deeltjes aan het eind van de lawine gemeten wor-
den. Deze methode is bijna onafhankelijk van het weer en dus kunnen veel meer metingen
worden gedaan. Maar de nauwkeurigheid is minder goed, en vooral de massa of lading van
het kosmische deeltje kan niet goed worden bepaald. Dus zijn wetenschappers op zoek naar
verbeteringen van de methode. De detectie van radiostraling lijkt een goed alternatief.
De extensive air showers bestaan vooral uit geladen deeltjes. Deze worden door het mag-
neetveld van de aarde afgebogen. Daardoor krijg je ladingsscheiding, want positieve deel-
tjes gaan in hetzelfde magneetveld de andere kant op dan negatieve deeltjes. Ook krijg je
een ladingsscheiding doordat vrijgemaakte elektronen uit de atmosfeer in de cascade wor-
den meegenomen met bijna de lichtsnelheid aan het front, terwijl de zware positieve deeltjes
achterblijven. Deze twee ladingsscheidingen veroorzaken een veranderende stroom die elek-
tromagnetische straling veroorzaakt. Deze stralingsemissie telt het sterkst, coherent, bij elkaar
op in een frequentiebereik dat met de grootte van het deeltjesfront overeenkomt. Het deeltjes-
front heeft een grootte van een paar meters, wat bij lage radio frequenties past, in het gebied
waar ook TV en FM radio zenders actief zijn. De verdeling en sterkte van de waargenomen
radiostraling hangen onder andere af van de afstand tussen de stralingsbron en de waarnemer.
Omdat bij gelijke energie zware kosmische deeltjes hun lawine hoger in de atmosfeer starten
dan lichte deeltjes, kan door precieze bestudering van vorm en sterkte van het radiosignaal op
aarde de massa en daarmee de lading van het kosmische deeltje worden achterhaald.
In dit proefschrift worden verschillende aspecten van de radiostraling die door deeltjesla-
wines worden uitgezonden onderzocht. Ten eerste is er een studie gedaan naar de invloed die
door de mens gemaakte en natuurlijke radiostraling hebben. Deze straling stelt een achter-
grond voor de gezochten signalen voor en beperkt dus de nauwkeurigheid van de metingen.
Een goede kennis van deze ruis is dus noodzakelijk voor de analyse van de gemeten signa-
len. Verder zijn er dataverwerkingsprocedures ontwikkeld die de juiste signalen identificeren,
de effecten van de antennes corrigeren en de aankomstrichting van de kosmische straling be-
palen. Hoofdbestanddeel van dit proefschrift is een wiskundige beschrijving voor verdeling
van het radiostralingssignaal. Dit soort parameterisaties zijn een standaard hulpmiddel in de
analysetechnieken, maar het was lange tijd niet bekend hoe zoiets er voor radiosignalen van
deeltjeslawines uit hoort te zien. De aanpak is vooral gericht op een robuuste methode om type
en energie van het aankomende kosmische deeltje uit het radiosignaal te extraheren. Aange-
toond wordt dat dit in gesimuleerde data goed werkt. De tests op data van LOFAR (Nederland)
en AERA (Argentinië), de twee toonaangevende experimenten in dit onderzoeksveld, laten
zien dat de methode ook op echte data werkt. Dit betekent dat we de radiosignalen die daar
worden gemeten kunnen gebruiken voor gedetailleerde analyses van kosmische straling in het
energiegebied waar versnellers in ons eigen melkwegstelsel uitdoven en extra-galactische ver-
snellers het overnemen. Het betekent ook dat radiodetectie een veelbelovende methode is voor
toepassing in toekomstige grootschalige experimenten.
ZUSAMMENFASSUNG
Kosmische Strahlung, in der Fachterminologie auch Cosmic Rays genannt, besteht aus Atom-
kernen, die in astronomischen Objekten beschleunigt werden. Kosmische Strahlung kann kon-
tinuierlich auf der Erde wahrgenommen werden. Wie auch beim sichtbaren Licht der Sterne,
gibt es kosmische Strahlung unterschiedlicher Energie. Rotes Licht (oder sogar infrarotes) ist
von niedrigerer Energie als beispielsweise violettes Licht. Die Energie kosmischer Strahlung
kann um mehr als zehn Größenordnungen variieren, wobei die Teilchen mit den höchsten
Energien sehr selten sind. Die energieschwächsten Teilchen werden nahezu unmittelbar in der
Atmosphäre absorbiert. Um diese Teilchen zu untersuchen muss man daher auf Satelliten- oder
Ballonexperimente zurückgreifen. Teilchen von höherer Energie kollidieren mit in der Atmo-
sphäre vorhandenen Teilchen und setzen dabei sekundäre Teilchen frei. Diese können, sofern
die Ursprungsenergie hoch genug war, auf der Erde gemessen werden, weil sich die Kaskade
der sekundären Teilchen bis zum Erdboden fortpflanzt. Man nennt eine solche Kaskade auch
ausgedehnten Luftschauer. Falls man viele dieser sekundären Teilchen messen kann, kann man
daraus auf die Ursprungsrichtung und die Ursprungsenergie schließen, ähnlich wie bei einem
Unfall aus Wrackteilen der Ablauf des Geschehens rekonstruiert werden kann.
Die Messung von kosmischer Strahlung hilft beim Verständnis der Funktionsmechanis-
men in astronomischen Objekten. Kosmische Strahlung erreicht Energien, die mit heutigen
Methoden technisch nicht reproduzierbar sind. Daher müssen in den astronomischen Objekten
starke und sehr effiziente Beschleunigungsmechanismen existieren. Dies ist für die höchsten
Energien mutmaßlich nur in sehr speziellen Objekten möglich. Solche sind zum Beispiel die
Umgebung von aktiven schwarzen Löchern, die sich in Zentren von Galaxien befinden, oder
ausgedehnte Magnetfelder, die Radiogalaxien umgeben. Die tatsächlichen Quellen der kosmi-
schen Strahlung konnten jedoch noch nicht zweifelsfrei identifiziert werden. Der Sachverhalt
wird dadurch verkompliziert, dass geladene Teilchen auf ihrem Weg von der Quelle zur Er-
de in galaktischen und extragalaktischen Magnetfeldern abgelenkt werden. Das bedeutet, dass
ihre Flugrichtung nicht mehr dieselbe ist und man aus der Ankunftsrichtung nicht direkt auf
ihren Entstehungsort rückschließen kann.
Wenn man mehr über diese besonderen Teilchen erfahren will, ist es notwendig, viele Teil-
chen sehr detailliert zu messen, damit man anschließend mit Hilfe statistischer Methoden Aus-
sagen über ihre Herkunft treffen kann. Bisher ist die gemessene Anzahl pro Experiment stets
entweder zu klein, oder die einzelnen Messungen sind zu ungenau. Dies liegt vor allem an den
Messtechniken. Die Fluoreszenz-Messung beispielsweise ist sehr genau in der Bestimmung
der Energie des Teilchens, der Ankunftsrichtung und sogar des Teilchentyps. Allerdings, kann
diese Technik nur in mondlosen und sternenklaren Nächten angewendet werden. Das reduziert
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die Messzeiten und damit die Anzahl der Teilchen, die gemessen werden können. Ausgedehnte
Areale, die mit Teilchendetektoren ausgestattet sind, stellen eine Alternative dar. Damit kann
unabhängig vom Wetter beinahe jederzeit gemessen werden. Allerdings ist die Empfindlichkeit
der Teilchendetektoren für die Energie der Ausgangsteilchen weniger gut und für die Messung
des Teilchentyp sehr eingeschränkt. Daher wird kontinuierlich nach neuen Messmethoden ge-
sucht. Eine Alternative ist die Detektion der Radioemissionen von Luftschauern.
Ausgedehnte Luftschauer bestehen aus sekundären atomaren Teilchen, von denen viele
geladen sind. Wenn sich diese Teilchen im Magnetfeld der Erde bewegen, werden sie durch
die Lorentzkraft abgelenkt. Dies führt zu einer Ladungstrennung. Außerdem werden Ladun-
gen dadurch getrennt, dass Elektronen aus den atmosphärischen Molekülen im Luftschauer
mitgerissen werden und die positiv geladenen Ionen zurückbleiben. Die sich stets verändernde
Ladungsverteilung verursacht einen Strom, der wiederum zu messbarer Strahlung führt. Die-
se Strahlung kann am besten in dem Frequenzbereich gemessen werden, dessen Wellenlänge
den Dimensionen der Front des Luftschauers entspricht. Dieser Frequenzbereich ist Radio-
strahlung im unteren Megahertz-Bereich. Da die Radiostrahlung während der Entwicklung
des Luftschauers kontinuierlich ausgesendet wird, zeigt diese Art der Messung eine sehr hohe
Empfindlichkeit für Energie und Typ der kosmischen Teilchen.
Im Rahmen dieser Arbeit wurden verschiedene Aspekte der Messung der Radiostrahlung
von ausgedehnten Luftschauern untersucht. Zum Einen wurden der auf menschliche Einwir-
kung zurückgehende und der natürliche Hintergrund aus Radioemissionen charakterisiert. Oh-
ne ein Verständnis dieses jeweiligen Hintergrundes ist es nicht möglich, die gemessenen Si-
gnale der Luftschauer zu interpretieren. Zum Anderen wurden Analysetechniken entwickelt,
die benötigt werden, um die Signale vom Rauschen zu trennen, die systematischen Effekte
der Antennen und der Elektronik zu korrigieren und danach die Richtung der ursprünglichen
Teilchen zu bestimmen.
Hauptgegenstand der Arbeit ist die Entwicklung einer Parametrisierung der Signalverteilung.
Eine Parametrisierung ist eine mathematische Beschreibung und ein Standardinstrument in der
Astroteilchenphysik. Für die Radioemissionen war, auch auf Grund der Datenlage und der un-
zureichenden Simulationsergebnisse, eine solche Parametrisierung bisher nicht bekannt. Zwar
haben die Simulationen der Teilchenkaskade in der Atmsophäre in den letzten Jahren große
Fortschritte gemacht, jedoch waren die meisten Methoden sehr zeitaufwändig und wenig ge-
eignet für eine praktischen Anwendung in der Datenanalyse. Im Rahmen dieser Untersuchung
wurde ein Modell entwickelt, das auf Grundlage der Simulationen die Signalverteilung be-
schreibt. In seiner minimalen Ausprägung mit nur vier freien Parametern ist es geeignet, auch
Daten von großskaligen Messfeldern mit einer geringen Anzahl von Antennen zu beschreiben.
Tests mit Daten der beiden führenden Experimente, AERA und LOFAR, zeigen, dass dies,
wie von der Theorie vorausgesagt, auch praktisch gelingt. Die Ergebnisse sind für die Rekon-
struktion von Teilchentyp und -energie sehr vielversprechend, was die Zukunft der Messung
von Radiosignalen ausgedehnter Luftschauer auf großen Skalen angeht. Weitere Forschungen
sind notwendig um, basierend auf diesen Erkenntnissen, die optimalen Eigenschaften eines
großskaligen Radioexperimentes für die Luftschauermessung und dessen Messgenauigkeit, zu
bestimmen
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